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FINAL REPORT "Evaluation of Early and Prolonged Effects of Acute
Neurotoxicity and Neuroprotection Using Novel Functional Imaging
Techniques"

INTRODUCTION

The wide use of herbicides and pesticides has increased the risk for environmental
toxicity (Reiter et al 1998, Gorrell et al 1996). In addition, airborne environmental
toxicity has continuously increased (Zayed et al 1996). In addition, recent findings
suggest that environmental proteasome inhibitors, like naturally occurring epoximicin,
are candidates for Parkinson's disease causing toxins (McNaught, 2004). Exogenous and
endogenous neurotoxicity present a major challenge in developing specific and sensitive
in vivo methods to determine pathophysiological mechanisms of toxins. This information
is essential in order to design new methods for neuroprotection and therapy. Our overall
research goal proposed to develop and improve in vivo imaging techniques to examine
neurofunction of dopaminergic and glutamatergic receptors as well as oxidative glucose
metabolism and neurochemicals. High resolution imaging techniques were developed and
used to explore the excitotoxicity induced regional neuronal dysfunction in functional
and metabolic pathway. The neuronal toxicity models included two animal models: rats
with 3-nitropropionic acid induced striatal lesions and transgenic mice with gene
expression of human Huntington's disease (HD). In the final phase of this project we
tested neuroprotection with novel newly developed ligands effecting on metabotropic
glutamate receptor function as well as a ligand, which is a transglutaminase inhibitor.

BODY

This research project had three different components: technical tasks including
hardware and software development to enable to conduct volumetric in vivo imaging in
small animal models; radiopharmaceutical development of new metabotropic glutamate
receptor ligands and enhance radiosynthesis of ligands to investigate dopamine receptor
function; and experimental studies in rodent models of Huntington' disease to evaluate
early and prolonged effects of neurotoxicity and neuroprotection. Achievements in each
of these three components are evaluated in the following.

1. Technical tasks: Technical tasks were a major challenge during the first grant years.
These technical tasks included the development of an imaging table for the super-high
resolution positron emission tomography (PET) device, development of required software
for data acquisition, implementation of image reconstruction programs to the unix (linux)
based computer system and development of image analyses for multimodality data
registration.

a) Hardware development: During the first two grant years we developed a computer
controlled imaging "table" for the small super-high resolution positron emission
tomograph and optimized the imaging condition for small animals, which also
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effected to the general development of the high resolution PET systems for small
animals (Correia et al. 2004, Appendix). The diameter of the bore in the used in-
house developed PET system is 6 cm and the imaging "table" moves through it in a
"step and shoot" mode. The length of the axial steps can be selected by the
acquisition program of which the smallest step is 12.5 g.m. The "table", which
includes a stereotactic headholder with earbars and mouth (teeth) bar was designed
separately for rat and mouse (Figures 1 a and 1 b) because the size of the head of these
two species is significantly different as well as the other experimental maneuvering to
prepare animals for imaging studies. For the experimental procedure the animal is
secured onto the "table" through a stereotactic headholder to gas inhalation system.
The "table" is then screwed into a cradle attached to the control motor in the imaging
device. This design was extended during the fourth grant year to enable of imaging
up to four animals simultaneously using commercial microPET system (MicroPET 4,
Concord Microsystems).

b) Software development: Software development has been active throught the whole
grant period. During the first year, software was developed to control the movement
of the imaging "table" electronically to scan the whole brain slice by slice and enable
volumetric data acquisition. Also image reconstruction programs were updated to run
in modem high speed PC computers, both in windows and unix (linux) based system.
After that the main challenge in software development has been to develop high
resolution imaging techniques for multimodality registration. At first, we tested a
frameless image comparison based on the joint intensity model for small animal
imaging. This technique was challenging for PET receptor studies where
accumulation of specific receptor ligands may occor only in a few sites and the
overall anatomical information is minimal.

The other technique for multimodality image comparison, we tested, was based
on edge detection. We compared extended convolution masks and active countour
models. With Dr. Tuan Cao-Huu we tested three convolution mask techniques:
Prewitt, Sobel and a "Truncated Pyramid" using four different sizes of computing
molecules "matrix". Active contour models are based on "snake" algorithms, which
represent a task of detecting high values or sudden changes in image brightness
values as an energy minimization problem. However, this approach was challenging
for PET imaging, where image information represents distribution of labeled ligand
(high or low brightness) rather than sharply edged anatomical structures.

The technique, we finally implemented in research is based on volume rendering
of MR images and fusion of MR and PET images based on the Normalized Mutual
Information (NMI) voxel match algorithm of the ANALYZE software package and
cubic spline interpolation (Brownell et al. 2003, Appendix).

2. Radiopharmaceutical development: During the first grant year the methods for
radiosynthesis of dopamine receptor ligands were redesigned so that the specific activity
was increased by ten-fold and activity concentration by fifty-fold. These improvements
enabled imaging studies in small animals, like mice, where only tiny volume (50-70 p-L)
can be administered intravenously without changing homeostasis. However, this injected
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volume should provide enough radioactivity into the target tissue to provide statistically
meaningful images. The developed techniques has been utilized in all other
radiosynthesis, when the product is used in small animals.

Dr. Alan Kozikowski has synthesized (Kozikowski et al 1998) and provided us
the precursor for labeling of metabotropic glutamate receptor agonist; (methyl-2-
(methoxycarbonyl)-2-(methylamino) bicycle[2.1.1] -hexane-5- carbocylate (MMMHC).
During the second year we successfully radiolabeled the amine precursor with C-11
methyl triflate and a yield of 120 mCi of the labeled product was obtained (Figure 2,
Appendix). This labeled ligand goes through the blood brain barrier (Figures 4 and 7a)
and we hypothesize that it will be metabolized to (2-aminobicyclo [2.1.1]hexane-2,5-
dicarboxylic acid-I (ABHxD-I) in the brain tissue through esterase and aminase (Yu et al.
2003, Appendix). Dr. Kozikowski and his team have shown that ABHx-D-I binds on
group I and II metabotropic glutamate receptors. Reported EC50 values are mGluR2
(0.33uM) > mGluR5 (0.72 uM) > mGluR1 (1.6 uM) > mGluR3 (2.2 uM) > mGluR6 (5.3)
> mGluR4 (23 uM) (Kozikowski et al 1998, Conti et al 2000). It should be emphasized
that according to the published reports our studies are the first in vivo imaging studies in
the world to visualize metabotropic glutamate subtype 2/3 receptor function (Yu et al.
2003, Appendix). We have presented these data in several meetings and been also invited
to the Drug Development Meeting.

Dr. Kozikowski's team is further developing different precursor ligands for
metabotropic glutamate receptors and has provided us three different precursors for
metabotropic glutamate subtype 5 receptors. During the 4th grant year we radiolabeled
them with carbon- II and tested in rats (Figures 5 and 6, Appendix; Abstracts,Yu et al.
2003 and Yu et al. 2004, Appendix). These new receptor ligands will open new views to
explore mechanism of neural circuitry of dopaminergic function including the role of the
olfactory bulb especially in Parkinson's disease (Yu et al. 2004, Appendix).

3. Biological experiments: Experimental biological studies were conducted in 3-
nitropropionic acid induced neurotoxicity rat model and transgenic mouse model of
Huntington's disease. These experiments can be divided into four different categories; a)
studies of neurotoxicity induced acute and prolonged effects in rats; b) studies of
extented CAG-repeat length induced neurochemical changes in mice; c) neuroprotection
against 3-NP induced neurotoxicity in rats and d) neuroprotection in transgenic mice.
Achievements in each category is summarized in the following.

a) Studies of 3-NP induced acute and prolonged effects in rats: During the first two
grant years we investigated 3-NP induced acute and prolonged effects in glucose
metabolism, dopamine and glutamate receptor function and neurochemical changes.
3-NP, a suicide inhibitor of succinate dehydrogenese (Johnson et al 2000) creates
mitochondrial inhibition and causes striatal degeneration (Storgaard et al 2000,
Guyot et al 1997, Bowyer et al 1996). Experiments and results of PET studies of
glucose metabolism and MRS studies of neurochemicals are published in the Journal
of Neurochemistry (Brownell et al. 2004, Appendix). In addition, changes in
dopaminergic function are published in the New York Academy of Science
(Brownell et al. 2003, Appendix). As a summary it can be concluded that we
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observed extensive inter animal variation as a response to 3-NP toxicity. The
animals, which developed large striatal lesions had decreased glucose utilization in
the striatum and cortex one day after starting daily 3-NP injections. Similarly
succinate and lactate/macromolecyle levels were enhanced; these changes being
however, reversible. Progressive degneration was observed by decreasing striatal
glucose utilization and N-acetylaspartate and increasing choline. In studies of
dopamine receptor function we found progressively decreasing dopamine D1 and D2
receptor function and temporal variation in dopamine transporter binding (Figure 3,
Appendix). These observations, obtained by in vivo imaging studies, paralleled with
weight loss and in behavioral deficit. Animals that did not develop lesions showed
reversible enhancement in cortical glucose utilization and no change in striatal
glucose utilization or locomotor activity. Recent study by Guo et al (Guo et al 2000)
shows that dietary restrictions can exhibit the effect of 3-NP neurotoxicity. However,
a low glucose level alone, which could exhibit 3-NP neurotoxicity, is not enough to
explain the interanimal variation observed in these studies.

b) Experiments of metabolic and neurochemical changes in transgenic mice: We
conducted longitudinal imaging studies of glucose metabolism, dopamine DI and D2
receptors and dopamine transporters in Huntington's disease mouse model and
littermate controls. Technical arrangement of experimental imaging procedures with a
super-high resolution PET system is presented Figure lb (Appendix). The slice
thickness was 1.5 mm and studies were performed with 1.25 mm steps.

For MRS, the imaging voxels were placed symmetrically over both basal ganglia
(average size of 6x3.5x3mm, 63uL) or over the motor cortex (6x2x3 mm, 36uL).
Spectra were integrated and normalized to the creatine/phosphocreatine peak.
Longitudinal analyses of glucose utilization in HD mice showed in striatum a
progressive decrease of 0.05%/day. The decrease in the striatal NAA (0.56%/day)
was one order higher than the glucose utilization. In the same time period, Cho was
increased 34 % compared to the littermate control. These observations parallel the
developing of HD symptoms. Interestingly, no significant changes were observed in
cortical metabolism. These results have been presented in the Society of Nuclear
medicine Meeting (Brownell et al. 2002 abstract and in the Meeting on High
Resolution Imaging in Small Animals (Brownell et al. 2001, abstract).

c) Neuroprotection against 3-NP induced neurotoxicity in rats: We investigated
characteristics of metabotropic glutamate receptor agonist; ABHxD-I as a
neuroprotective agent. These experiments showed less decrease in glucose utilization
and glutamate receptor binding after 3-NP neurotoxicity than in non-protected
animals. However, dopamine receptor binding decreased in all protected animals
more than in non-protected animals.

Since glucose utilization is a major energy source of the brain, the change in
glucose utilization can be a sensitive indicator for the energy dysfunction in the brain.
3-NP, a permanent inhibitor of succinate dehydrogenese (Johnson et al 2000) can
disrupt the mitochondrial function, decrease glucose utilization and cause striatal
degeneration (Storgaard et al 2000, Guyot et al 1997, Bowyer et al 1996).
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Interestingly, Reynolds et al (Reynolds et al 1998) published that dopamine
deficiency may protect against 3-NP toxicity and Johnson et al (Johnson et al 2000)
published that long term exposure to 3-NP increases dopamine turnover.

In our experiments, neuroprotection with ABHxD-I originated dopamine receptor
deficiency and enhance glucose utilization (Figures 7a and 7b, Appendix).

In addition, we investigated neuroprotection by using cystamine, which is
transglutaminase inhibitor. Cystamine was administered (9mg/kg ip.) one hour before
a single dose of 3-NP (25 mg/kg iv.). Glucose utilization evaluated by PET imaging 2
hours after 3-NP administration showed 18% decrease in the cortex, 23% decrease in
the striatum and cerebellum in cystamine treated animals compared to 3-NP only
treted animals. The observation of decreased glucose utilization with cystamine
treatment is an indication of enhanced neurotoxicity of 3-NP when combined with
cystamine. These results paralleled with behavioral observations as reported in the
annual report in 2003.

d) Neuroprotection in transgenic mice: We used 7-hydroxyiminocyclo propan
[b]chromen-la-carboxylic acid ethyl ester, (CPCCOEt), an antagonist for
metabotropic glutamate subgroup 1 receptors and cystamine, which is a
transglutaminase inhibitor to investigate neuroprotection in transgenic mouse model
of HD. We conducted longitudinal imaging studies of glucose utilization and
dopamine D2 receptors in transgenic mice treated with neuroprotective drug and in
untreated transgenic mice as controls to investigate the efficacy of neuroprotection.
Studies conducted with cystamine are presented in the manuscript Wang et al
(submitted to the Journal of Neuroscience, Appendix) and in the abstract presented in
the Society of Nuclear Medicine Meeting in June 2004, which was selected the
finalist in the Young Investigators' Competition. As a summary, using cystamine we
observed dose dependent neuroprotection based on glucose utilization, dopamine D2
receptor binding and development of inclusions. CPCCOEt provided also
neuroprotection based on glucose utilization comparable to the level obtained with
cystamine dose of 9 mg/kg.

Table 1. Rate of percent decrease of glucose utilization after the age of 70 days
investigated by '8F-FDG PET studies. The number of animals in each group was 6.

Treatment Percent decrease of glucose utilization per day
Cortex Striatum Cerebellum

Untreated mice 3.873 3.186 3.090
Cystamine 50mg/kg 1.986 1.841 1.739
Cystamine 100mg/kg 1.224 2.385 1.899

Decrease of glucose utilization in the brain of untreated mice has an
exponential form starting from the age of 58 days. This might be an indication of fast
changes in glucose utilization when the HD-related changes start to progress in the
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mouse brain. After the age of 70 days changes were stabilized and degenerative
process was linear.

Table 2. "C-raclopride binding in the striatum of the transgenic mouse model of liD
at the age of 74 days. The mice were treated with 4 different doses of cystamine. The
number of the studies in each group was 4.

Treatment Binding potential

Untreated 1.072+/-0.029
Cystamine 5.4 mg/kg 1.064+/-0.071
Cystamine 9 mg/kg 1.076+/-0.065
Cystamine 50 mg/kg 1.218+/-0.058
Cystamine 100mg/kg 1.258+/-0.076

KEY RESEARCH ACCOMPLISHMENT

- design and construction of imaging "tables" with stereotactic headholders for rat
and mouse

- development of software for data acquisition and reconstruction for modem PC
and linux based systems

- development and testing image algorithms for image reconstruction for multi
modality image registration

- observation of significant interanimal variation in the response for 3-NP induced
neurotoxicity in motor activity and energy metabolism

- observation of significant weight loss during 3-NP administration in all animals
independently of response to motor activity or energy metabolism

- observation that cortical glucose metabolism may be enhanced to compensate
striatal deficit

- observation that striatal lesion in glucose (energy) metabolism can be introduced
immediately after first administration of 3-NP

observation that striatal lesions demonstrating energy deficit show progressive
decrease in dopamine D1 and D2 receptor

observation that dopamine transporter binding is slightly increased immediately
post 3-NP and progressively decreases later
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observation that metabotropic glutamate receptor binding is decreased after 3-NP
focally in striatal area similarly as glucose utilization

observation that MRS shows increased peaks of succinate and lactate and
macromolecules in early 3-NP toxication and these are reversible changes

observation that decreasing of glucose utilization as well as NAA is linearly
correlated with age in the striatum of HiD mice

observation that after MPTP treatment, the same metabotropic glutamate receptor
ligand had also affinity to mGluR1 and mGluR5 receptors and had locally
decreased binding in striatal and cortical area which also showed decreased blood
flow and significantly decreased striatal dopamine transporter binding

observation that MRS shows increased succinate immediately after 3-NP and can
be used in real time to follow development of lesion and effect of neuroprotection

observation that ABHxD-I developes neuroprotection by enhancing glucose
utilization and dopamine receptor degeneration

development of stack system to image up to 4 animals simultaneously and further
enhance of the stereotactic headholders for mouse and rat studies

development of data acquisition and reconstruction for stack imaging with a
newly installed microPET system

conclusion of enhanced neurotoxicity in a 3-NP rat model of BiD pretreated with
cystamine (dose 9 mg/kg ip.) based on observations of decreased glucose
utilization in different brain areas, increased deficit in motor score, increased
mortality and histological verification of neural damage

observation that decrease of glucose utilization (energy metabolism) has
exponential correlation with age in early ages and correlates with development of
HD like degeneration in a transgenic mouse model of HiD

observation that partial neuroprotection can be provided by cystamine in
transgenic mouse model of HD even with a low dose of 5.4 mg/kg ip. based on
studies of glucose (energy) metabolism by PET, MRS studies of neurochemicals
and endpoint histological verification

observation that neuroprotection in dopaminergic system of transgenic mouse can
be obtained with cystamine, doses higher than 50 mg/kg based on studies of 11C-
raclopride of dopamine D2 receptors
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REPORTABLE OUTCOME

Publications:

Wang Xukui, Sarkar Aparajita, Cicchetti Francesca, Yu Meixiang, Zhu Aijun, Jokivarsi
Kimmo, Saint-Pierre Martine, Lapointe Nicolas, Brownell Anna-Liisa. Cerebral PET
imaging and histological evidence of transglutaminase inhibitor cytamine induced
neuroprotection in transgenic R6/2 moue model of Huntington' dieae. Journal of
Neuroscience (submitted)

Brownell Anna-Liisa, Chen Y.Iris, Yu Meixiang, Wang Xukui, Dedeoglu Alpashan,
Cicchetti Francesca, Jenkins BruceG., Beal M.Flint. 3-Nitropropionic acid induced
neurotoxicity - assessed by ultra high resolution PET with comparison to MRS. Journal
of Neurochemistry 89:1206-1214, 2004.

Correia John A., Burnham Charles A., Kaufman David, Brownell Anna-Liisa, Fischman
Alan J. Performance evaluation of MMP-II: a second-generation small animal PET. IEEE
Transactions on Nuclear Science 51: 21-26, 2004.

Brownell Anna-Liisa, Canales Kelly, Chen Y.Iris, Jenkins Bruce G., Owen Christopher,
Livni Eli, Yu Meixiang, Cicchetti Francesca, Sanchez- Pernaute Roario, Isacson Ole.
Mapping of brain function after MPTP induced neurotoxicity in a primate Parkinson's
disease model. Neurolmage 20: 1064-75, 2003.

Yu Meixiang, Nagren Kjell, Chen Y.Iris, Livni Eli, Elmaleh David, Kozikowski Alan,
Brownell Anna-Liisa. Radiolabeling and biodistribution of methyl 2-(methoxycarbonyl) -2-
(methylamino)bicyclo[2. 1.1] -hexane-5-carboxylate, a potential neuroprotective drug. Life
Science 73:1577-1585, 2003.

Brownell Anna-Liisa, Chen Y.Iris, Wang Xukui, Yu Meixiang, Jenkins Bruce G.
Neurotoxicity-induced changes in striatal dopamine receptor function. Ann. N.Y. Acad. Sci
991:281-283, 2003.

Abstract and Presentations:

Yu Meixiang, Zhu Aijun, Wang Xukui, Jokivarsi Kimmo, Brownell Anna-Liisa. Imaging of
the dopamine system in olfactory bulb by positron emission tomography (PET) in rats.
Society Nuclear Medicine. 51 " Annual Meeting. June 2004.

Yu Meixiang, Wang Xukui, Jokivarsi Kimmo, Kozikowski Alan, Brownell Anna-Liisa.
Synthesis and evaluation of [1 IC]M-MPEP and [1 IC]M-PEPy, potent and selective
radioligands for metabotropic glutamate subtype 5 (mGlu5) receptor by positron emission
tomography (PET). Society Nuclear Medicine. 51 st Annual Meeting. June 2004.
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Wang Xukui, Sarkar Aparajita, Yu Meixiang, Cicchetti Francesca, Jokivarsi Kimmo,
Brownell Anna-Liisa. Cystamine induced neuroprotection in transgenic R6/2 mouse
model of Huntington's disease - assessed by positron emission tomography (PET)
studies. Society Nuclear Medicine. 51" Annual Meeting. June 2004. (Finalist in the Young
Investigators' Competition)

Yu Meixiang, Wang Xukui, Zhu Aijun, Brownell Anna-Liisa. Synthesis and evaluation of
C-1I MPEP, potent and selective radioligand for metabotropic glutamate subtype 5 (mGlu5)
receptor by positron emission tomography (PET). Society for Molecular Imaging. Annual
Meeting. September 2004.

Yu Meixiang, Klaess Thomas, Kozikowski Alan, Brownell Anna-Liisa. Synthesis of
[1 1C]methoxymethyl-MTEP and [ I1C]methoxy-PEPy, potent and selective PET
radioligand for metabotropic glutamate subtype 5 (mGlu5) receptor. Society of
Neuroscience. Annual Meeting. October 2003.

A-L Brownell, YI Chen, KE Canales, E. Livni, RT Powers, A Dedeoglu, FM Beal, BG
Jenkins. 3-NP induced neurotoxicity - assessed by ultra high resolution PET with
comparison to MRI and MRS. 1st Annual Meeting of the Society for Molecular Imaging.
Boston, August 24-26, 2002

K. Canales, A-L. Brownell. New approaches in parametric imaging -use of direct
algorithm. 49th Annual Meeting of the Society of Nuclear Medicine. Los Angeles, June
15-19, 2002. The Journal of Nuclear Medicine 2002; 45:(S5):209.

A-L. Brownell, Y.I. Chen, K. Canales, B. Powers, B.G. Jenkins. Neural degeneration
in a transgenic HD mouse model - an ultra high resolution PET study with comparison to
MRI/MRS. 49th Annual Meeting of the Society of Nuclear Medicine. Los Angeles, June
15-19, 2002. The Journal of Nuclear Medicine 2002;45:(S5):61.

A-L. Brownell, K. Canales, Y.I. Chen, C. Owen, R. Powers, A. Kozikowski, D. Elmaleh,
M. Yu. Metabotropic glutamate receptors - new targets for neuroimaging. 49th Annual
Meeting of the Society of Nuclear Medicine. Los Angeles, June 15-19, 2002. The
Journal of Nuclear Medicine 2002;45:($5):1 10.

M.Yu, E. Livni, K. Nagren, K. Canales, R.Powers, D. Elmaleh, A. Kozikowski, A-L.
Brownell. 1 IC-labeling of methyl 2-(methoxycarbonyl)-2-(methylamino) bicycle
(2.1. 1)hexane-5-carboxylate, a potent neuroprotective drug. 49th Annual Meeting of the
Society of Nuclear Medicine. Los Angeles, June 15-19, 2002. The Journal of Nuclear
Medicine 2002;45:(S5): 167.

Correia John A., Burnham Charles A., Kaufman David, Brownell Anna-Liisa, Fischman
Alan J. Performance evaluation of a second-generation small animal PET. Nuclear
Science Symposium Conference Record, 2002 IEEE, vol 2, pp 802-806.
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Anna-Liisa Brownell, Y. Iris Chen, Kelly Canales, Robert Powers, Ole Andreasson, Flint
Beal, Bruce Jenkins. Glucose utilization assessed by high resolution PET with
comparison to MRI/MRS in a transgenic mouse model of Huntington's disease.
HiRes2001, Meeting on High Resolution Imaging in Small Animals: Instrumentation,
Applications and Animal Handling, September 9-11, 2001, Rockville, Maryland.

A-L Brownell, YI Chen, KE Canales, RT Powers, A Dedeoglu, FM Beal, BG Jenkins. 3-
NP induced neurotoxicity - assessed by ultra high resolution PET with comparison to
MRI and MRS. 31t Annual Meeting of Neuroscience. San Diego, November 10-15,
2001.

A-L. Brownell, Y.I. Chen, K.E. Canales, R.T. Powers, A.Dedeoglu, B.G. Jenkins.
Coupling of glucose utilization to neuronal toxicity - an ultra high resolution PET study.
The Annual Meeting of Society Nuclear Medicine. Toronto, Canada, June 25-29, 2001.
Journal of Nuclear Medicine 42:5s, 2001

Cao-Huu T, Lachiver G, Brownell A-L "High Resolution Imaging and Multi-Modal
Registration with Joint Intensities" Presentation at IEEE Medical Imaging Conference.
October 15-20, 2000

Personnel supported by the grant DAMD17-99-1-9555 during 7/15/99-7/14/04

Brownell Anna-Liisa, Ph.D.
Jenkins, Bruce, Ph.D.
Chen Y.Iris, Ph.D.
Livni Eli, Ph.D.
Elmaleh David, Ph.D.
Cao-Huu Tuan, M.D.
Kozikowki Alan, Ph.D.

CONCLUSIONS

Challenging technical tasks have been resolved and developed for successful
imaging techniques in small animal models during the first two grant years including
designing and constructing computer controlled imaging "table" and other accessories
needed to accomplish the whole project. Algorithm development for data acquisition,
image reconstruction and data analyses have been very successful and automated
programs are now running both in windows and linux based systems. This enables fast
data analyses for the experimental measurements.

Significant amount of biological information has been obtained regarding the 3-
NP induced degenerative processes in energy metabolism as well as dopaminergic
regulation during degeneration. We observed increase in dopamine transporter binding to
presynaptic terminals immediately after 3-NP intoxication. This phenomen as well as
early increases of lactate and succinate in MRS were reversible. Metabotropic glutamate
receptors provide a new interesting insight to investigate the degenerative processes and
their neuroprotective characteristics will be investigated by the big drug companies world
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wide in the coming years. We also investigated characteristics of transglutaminase
inhibitor, cystamine as a neuroprotective agent in transgenic mouse model of HD and
found dose dependent neuroprotection based on glucose utilization, dopamine D2
receptor function and development of inclusions.
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Rat and mouse frames used for PET studies

Rat experiment in a super high resolution PET camera

Side View Front View

Figure 1. Stereotactic headholders for mouse and rat and experimental arrangement for
PET imaging.

Figure [a. Stereotactic leadiholder for mouse and rat (above) and experimental
arrangement for PET imaging (below).
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PI. Anna-Liisa Brownell: "Evaluation of Early and Prolonged Effects of Acute
Neurotoxicity Using Novel Functional Imaging Techniques"

Figure 3. Longitudinal PET studies of glucose utilization (1 8F-FDG), dopamnine D2
receptors (''IC-raclopride), dopamine Dl receptors ( I 1CSCH) and dopamine transporters
(I 'C-CFT) pre and post 3-NP. Note the local decrease of glucose utilization in striatumn in
2 lays after 3-NP and late recovery. Dopamine D1 and D2 receptors show gradual
decrease in binding while dopamine transporter shows first enhanced binding and later

decrease.
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Figure 5. ["IC]M-PEPy accumulation in rat brain 8 mn after injection of the

radiolabeled ligand at the mid-striatal level. Control study (above) and
replacement study 3 rai after administration of "cold" MIPEP (dose 10
mg/kg iv) (below).
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Figure 6. Time-activity curves of the above experiment demonstrate selective
blocking with cold MiPEP in several brain areas.
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Abstract

To investigate the efficacy of cystamine induced neuroprotection, we conducted PET imaging

studies of cerebral glucose metabolism with [18F]FDG (2-deoxy-2-[' 8F]fluoro-D-glucose) and

striatal dopamine D2 receptor function with [1'C]raclopride in 42 R6/2 transgenic Huntington

mice; 12 control and 30 cystamine treated animals, using intraperitoneal doses of 100, 50, 9 or

5.4 mg/kg. In the control mice, exponentially decreasing glucose utilization was observed in the

striatum Nstr[SUJV] = (41.75+/-ll.80)58,str *exp(-(0.041+/-0.007)*t[days]); cortex Ncort[SUV] =

(24.14+/-3.66)58,co, *exp(-(0.043+/-0.007)*t[days]); and cerebellum Nce,[SUV] = (34.97+/-

10.58) 58,0er*exp(-(0.037+/-0.008)*t[days]) as a function of age starting at 58 days. Given that the

underlying degeneration rate in the cystamine treated mice is similar to that observed in control

animals, the protection coefficient (13) calculated from the equation N, = N58 * exp(-(1-j3)* k*t)

was 0.133 +/-0.035 for the striatum; 0.122+/-0.028 for the cortex and 0.224+/00.042 for the

cerebellum with a dose of 100 mg/kg. The 50mg/kg cystamine dose provided significant

protection only for the striatum. Minor protection for the striatum was obtained using the lower

doses of 9 or 5.4 mg/kg. Striatal binding potential of [''C]raclopride in D2 receptors was

1.059+/-0.030 in the control mice, and enhanced in the cystamine treated animals in a dose

dependent manner up to 1.245+/-0.063 using the 100mg/kg dose, indicative of neuronal sparing.

Histological analysis confirmed cystamine induced neuroprotection of striatal and

cortical neurons. Nissl staining revealed more numerous and healthier neurons in cystamine

treated animals and formation of cellular inclusions was reversed by a dose dependent matter.

Cerebral imaging and histological evidence concurrently provide evidence that the inhibition of
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Tgase by cystamine reflects decreased neuronal loss and support the use of cystamine as a

neuroprotective agent for Huntington's disease pathology.

Introduction

Huntington's disease (HD) is an autosomal dominant inherited neurodegenerative

disorder (Young and Penney, 1984). The onset of HD is usually in mid-life with a mean survival

of 15-20 years after diagnosis. The clinical features of HD involve a progressive development of

motor, psychiatric, and cognitive symptoms (Ross et al., 1997; Witjes-Ane et al., 2003)

correlated with metabolic, neurochemical, and neuropathological changes (Albin and Tagle,

1995; Heizmann and Braun, 1992). The HD mutation is an expansion of CAG repeat in exon 1

of the HD gene that encodes a stretch of polyglutamine (polyQ) residues close to the N-terminus

of the huntingtin protein (The Huntington's Disease Collaborative Group, 1993). The expanded

polyQ sequence, beyond 36-40 residues, is the result of HD symptoms (MacDonald, 2003).

Although the pathogenic mechanisms of HD are unknown, it is likely that abnormally expanded

forms of the polyQ are the trigger of functional toxicity (Green, 1993; Burke et al., 1996), which

can lead to neurodegeneration.

Aggregation of polyQ, which contains proteolytic N-terminal fragments of huntingtin in

the nuclei of neurons forming neuronal intranuclear inclusions, is an important pathological

hallmark of HD and has been the target of intensive investigation (DiFiglia et al., 1997; Kim et

al., 1999; Meade et al., 2002). Intracellular inclusions have been found in cell models (Taniguchi

et al., 2004), transgenic mice (Zemskov et al., 2003) as well as affected brain areas of HD

patients (Mangiarini et al., 1996; Davies et al., 1997; Becher et al., 1998). It still remains unclear

whether these inclusions are the result or the cause of neuronal death. Since transglutaminase can

cross-link the mutant protein huntingtin into aggregations (Karpuj et al., 1999; Zainelli et al.,
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2003), it has been suggested that Tgase may play a role in the etiology of HD. These findings

have raised the hypothesis that inhibition of Tgase may be an effective therapeutic strategy for

HD.

Cystamine is a competitive inhibitor of Tgase. This compound has the capacity to block

active sites of the enzyme for the glutamine residues to form N-(',-glutamyl)-lysine bonds in

huntingtin (Folk, 1980; Lorand, 1998). Recent studies have suggested that cystamine attenuates

Tgase activity, which feasibly induces reduction of abnormal movement, halt weight loss and

prolong lifespan in transgenic mouse models of HiD (Dedeoglu et al., 2002; Karpuj et al., 2002b).

Reduction of the cerebral glucose metabolism, observed by PET imaging, is also a well-

known feature in symptomatic HD and the preclinical gene carrier state (Kuhl et al, 1982;

Kuwert et al., 1990; Feigin et al., 2001). Recent studies have suggested that dopamine D2

receptor binding and glucose utilization are decreased in the animal models of HD (Araujo et al.,

2000; Ariano et al., 2002; Brownell et al., 1994 and 2003). Here, we used microPET imaging to

investigate whether cystamine treatment can ameliorate the cerebral energy metabolism and

dopamine receptor function in the striatum of transgenic R6/2 mouse model of HD. These

studies were combined to post-mortem evaluation of cystamine effects on nuclear inclusion and

cell survival.

Materials and Methods

Animals: Male transgenic R6/2 mice, which depict many clinical features of juvenile HD were

purchased from the Jackson Laboratories (Bar Harbor, ME). The mice were housed 3-4 per cage

under standard conditions with free access to food and water. The mice were randomized and
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handled under the same conditions by one investigator. In total, 42 mice were studied from the

ages of 8 to 13 weeks. Weight fluctuations were closely monitored and if the total weight loss

exceeded 25 %, animals were immediately euthanized according the Institutional Policy. All

experiments were performed in accordance with the National Institutes of Health Guide for the

Care and Use of Laboratory Animals and were approved by the Institutional Policy by the

Subcommittee on Research Animals of the Harvard Medical School and Massachusetts General

Hospital.

Drug administration: Neuroprotection studies were conducted in 30 R6/2 mice using 4 different

doses of cystamine (Cystamine dihydrochloride, Sigma, St. Louis, MO) dissolved in PBS and

prepared fresh for daily intraperitoneal (i.p.) injection starting from the age of 8 weeks and

continuing for 5 subsequent weeks. The selected cystamine doses were 100mg/kg or 50mg/kg,

each group comprising 6 mice; 9mg/kg dose was administered to 12 mice and 5.4mg/kg to 6

mice. To evaluate repeated injections induced stress related factors on the final results, we

utilized a total of 12 R6/2 HD mice as control animals. The control mice were divided into 2

groups of 6 animals; group 1 had longitudinal PET imaging studies and received daily

administration of PBS as methodological control for cystamine treated mice; group 2 strictly

underwent longitudinal PET imaging studies.

Motor performance and weight assessment: Locomotor activity was video recorded for each

treatment group and the control mice at the age of 12 weeks. The test consisted of recording free

motion of the individual animals for 15 min in a square box (30 cm x 40 cm), bottom marked

with squares of 5 cm x 5 cm. The videocamera (Sony DV Digital Handycam, 120x digital zoom)

was mounted 90 cm above the box at the midpoint so that the zoomed field of view covered the

bottom of the box. Recorded parameters Were the area of total movement (the number of 5 x 5

cm squares covered) and the number of lines crossed (each of 5 cm) during the 15 min recording.
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This is an in-house simplified version of the commercially available locomotor activity boxes,

which measure light beam crossings.

MicroPET studies: For imaging studies, mice were anaesthetized with halothane (1.0-1.5% with

flow rate of 3L/min oxygen and 2L/min nitrogen). A tail vein was catheterized for administration

of radiolabeled ligands. A heated waterbed was used to maintain body temperature. The mouse

was placed ventrally to the imaging position and the head was adjusted securely in a stereotaxic

headholder, equipped with a gas inhalation system.

PET imaging studies were conducted with a microPET, P4 system (Concorde

Microsystems Inc, Knoxville, TN). The length of the field of view is 8 cm and the diameter is 22

cm allowing the entire body imaging of the mouse in a single acquisition. We developed a stack

for positioning the animal holders including stereotactic head frames and were able to image 4

mice at a time. The spatial resolution at the center of the imaging field is 1.8 mm and declines to

the edges of the field, however, providing at least 2 mm resolution for stacked positions.

In studies of glucose metabolism, 200 gCi [18F]FDG was injected into the tail vein of the

animal. This compound is then transported via the blood stream into the brain and enters a

metabolic cycle by hexakinase enzyme. Since hexakinase is activated by energy requirement, the

accumulation of [1 8F]FDG reflects the metabolic rate of glucose. PET imaging studies of glucose

metabolism were repeated at seven different time points between the age of 58 and 86 days.

Three-dimensional dynamic data were acquired in list mode for 1 hour. Imaging studies of

dopamine D2 receptor function (["C]raclopride binding) were conducted in 80-day-old mice.

For imaging studies, 500 pCi of ["C]raclopride was injected into the tail vein and volumetric

dynamic data was acquired for an hour, as described above.
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In vivo imaging data analysis: Imaging data were corrected for uniformity, sensitivity,

attenuation and decay. Dynamic images were processed using filtered backprojection with the

Ramp filter and cut off value of 0.5 of the software ASIPRO 4.12, provided by the manufacturer.

Volumetric regions of interests (VOIs), including left and right striata, cortex and cerebellum

were drawn on the screen from the anatomical border based on the Mouse Brain Atlas (Paxinos

and Franklin, 2001). Time dependent activity concentrations were determined for each region.

These data were transferred onto a Dell XPST600 computer for final data analyses using Matlab

software (Matlab, Natic, MA).

For quantification of glucose metabolism, standard unit values [SUV] were determined

for each brain region (left and right striata, cortex and cerebellum) by dividing the mean

radioactivity concentration obtained at the steady state by the injected radioactivity and the body

mass. These values were converted to correspond to percent value of the injected radioactivity

per 100 mg. The unit of SUV is percent of the injected activity per 100 mg of tissue.

For the studies of dopamine D2 receptor function, binding parameters of 11C-raclopride

were determined as a binding ratio of the specific and non-specific bindings. Specific binding

was obtained by substracting the cerebellar radioactivity accumulation (non-specific) from

striatal levels. The specific binding values calculated for the left and right striata were integrated

in the time interval of 15-30 min; data from the left and right hemispheres were averaged and

divided by the integrated data from cerebellum at the same time interval [the binding ratio = Y-5_10

(striatum-cerebellum) / Y-15-30 (cerebellum).

Evaluation of neuroprotection: Longitudinal PET imaging studies were conducted in each

treatment group between the age of 8 and 13 weeks to evaluate cystamine induced changes in

glucose metabolism. Age related degeneration rate was determined in 12 control mice. The

values obtained in different brain regions (striatum, cortex and cerebellum) in the control mice
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were fitted to a monoexponential function (Nt(brain region) - N58, brain region * exp (-k't) using the

method of least squares and SAAM HI program [Foster, 1994 #133]. For each brain region, the

base (first) values were obtained at 58 days. In cystamine treated animals, the corresponding

equation is Nt (brain area) N58, brain area * exp(-(1-1P)*k*t), where P is the protection coefficient.

Assuming that the underlying degeneration rate (k) is similar to that observed in the control

mice, the value for neuroprotection coefficient 03 can be resolved.

Histological Evaluation: Total of 12 R6/2 transgenic mice from cystamine (8 animals) and

vehicle (4 animals) treated groups were used for endpoint histological evaluation. These animals

were deeply anesthetized with sodium pentobarbital (80mg/kg i.p.) and transcardially perfused

with 4% buffered paraformaldehyde (PFA) (pH 7.4). The brains were removed, post-fixed in 4%

PFA for approximately 8 hours, and cryoprotected in 20% sucrose. Brains were cut with a

freezing microtome into 30gm-thick coronal sections that were serially collected in cold PBS

and placed for 30 minutes at room temperature in a 3% hydrogen peroxide to eliminate

endogenous peroxidase activity. The sections were then processed for histochemistry to visualize

the mutant protein huntingtin, corresponding the nuclear aggregates possibly synonym of

ongoing neuronal death and the calcium-binding protein calbindin, specifically expressed in

striatal projection neurons.

After overnight incubation at 4'C with the monoclonal antibody against huntingtin

(Chemicon, Temecula, CA) (dilution 1:500), the sections were extensively washed in PBS and

incubated for 1 hour at room temperature in a PBS solution containing biotinylated goat anti-

mouse IgG(Vector Labs, Burlingame, CA; dilution 1: 1500), Triton X-100 (0.1%), and NGS

(5%). After further washing in PBS, the sections were placed in a solution containing avidin-

biotin-peroxidase complex (ABC; Vector) for 1 hour at room temperature. The bound peroxidase

was revealed with nickel-intensified DAB as the chromogen. After immunostaining for
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huntingtin, the sections were reincubated with a polyclonal antibody raised against calbintin

(Sigma, St-Louis, MA) (dilution 1:2500). The incubation procedures were the same as above,

except that sections were revealed using 0.05% 3,3'-diaminobenzidine tetrahydrochloride (DAB,

Sigma) and 0.01% hydrogen peroxide in 0.05M Tris-imidazole (pH 7.2) at room temperature.

The reaction was stopped after 10 to 15 minutes by extensive washing in PBS.

Histochemistry: Sections were stained for Nissl substance and the presence of the enzyme

nicotinamide adenine dinucleotide phosphate diaphorase (NADPH-d) was revealed by using a

slightly modified version of the histochemical tetrazolium salt technique described by (Scherer-

Singler et al.,, 1983) (Vincent and Johansson, 1983).

All immunostained and histochemically treated sections were mounted on gelatin-coated

slides, air-dried, and dehydrated in ascending grades of alcohol. Finally, the sections were

cleaned in xylene, and coverslipped with Permount.

Post-mortem image analyses: Nuclear inclusions, as observed with huntingtin staining were

measured in the striatum and cortex using the Stereo investigator software (Microbrightfield,

Colchester, VT) mounted onto a E800 Nikon microscope. One hundred inclusions were sampled

in the striatum and 100 in the cortex in animals of each group. Comparison of inclusion

diameters (cortical versus striatal inclusions) was performed by one-way ANOVA using Stat

View 4.51.

Results

Effect of cystamine on the progression of weight loss and behavior in R6/2 transgenic mice

All animals showed weight loss during the follow up period starting from the age of 58 days.

Two phases were observed during weight monitoring. In the first phase, from age of 58 days to

72 days, the control animals (vehicle treated and untreated) lost 3-5% of their total body weight,
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(Ravikumar et al., 2003). Although the mechanism of 3-NP induced neurotoxicity is different

than that of the extended CAG repeat, the outcome response on hexakinase activity is similar and

can be detected by changes of glucose metabolism.

The basal ganglia structures are critically involved in motor control, motor planning, and

behavioral learning (O'Connor et al., 1998; Ostergaard et al., 2000). Dysfunction of these

subcortical nuclei can result in profound motor disturbances (e.g., ataxia, dysmetria, tremor,

rigidity, and bradykinesia). Dopamine-producing neurons, which originate from the substantia

nigra pars compacta (SNc) and project to the dorsal striatum, play a critical role in basal ganglia

functions (Cross and Rossor, 1983; Hume et al., 1996). In HD, neuronal degeneration most

specifically targets the striatum medium spiny neurons (Araujo et al., 2000; Spektor et al., 2002),

which express dopamine receptors. Striatal dopamine D2 receptor density is an important

indicator of many neuropsychiatric disorders and motor activity. Several studies have

demonstrated that dopamine D2 receptor binding is decreased in animal models of HD (Brandt et

al., 1990; Araujo et al., 2000; Ariano et al., 2002;(Brownell et al., 2003) and striatal dopamine

receptor binding decreases proportionally to the degree of cell loss in this pathology (Augood et

al. , 1997). Here, we found that, although the dopamine D2 receptor binding potential had no

difference between the control R6/2 mice and low dose treatments of cystamine (5.4mg and 9

mg/kg), dopamine D2 receptor binding was significantly increased 15% and 17.3% when higher

doses of cystamine (50mg and 100mg/kg) were administered. Our results also indicate that the

increased D2 receptor binding potential in striatum feasibly reflects the decreased neuronal cell

loss in cystamine treated R6/2 transgenic HD mice.

Cystamine, a competitive inhibitor of transglutaminase, may have neuroprotective effect

for HD. Recent studies have supported the contribution of transglutaminase in pathogenesis of
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Table 1. Cerebral PET imaging revealed an exponential decrease of [18F]FDG accumulation in

various brain areas of transgenic HD mice as a function of age (also see Figure 2). Degeneration

rates (k) in different brain structures in 12 control mice were calculated using the equation Nt =

N58 * exp(- k't). Assuming that the underlying regional degeneration rate is similar in the

cystamine treated mice, the protection factor (03) was calculated using an equation Nt N58 * exp

(-(1-P)* k*t). N=number of animals; significance P <0.05.

Treatment N Striatum Cortex Cerebellum

Degeneration rate (k)[1/dayl

Control 12 0.041+/-0.007 0.043+/-0.007 0.037+/-0.008

Protection factor (J)

Cystamine; 100 mg/kg 6 0.133+/-0.035 P 0.122+/-0.028 P 0.224+/-0.042 P

Cystamine; 50 mg/kg 6 0.123+/-0.041 P 0.020+/-0.012 0.088+/-0.032

Cystamine; 9 mg/kg 7 0.033+/-0.012 0.009+/-0.007 0.021+/-0.014

Cystamine; 5.4 mg/kg 4 0.003+/-0.002 0.012+/-0.005 0.061+/-0.035
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Figure legends

Figure 1. Color coded images of [18F]FDG accumulation in the brain of transgenic HD mice

(R2/6 mice) at the age of 85 days. The mice were treated with vehicle (PBS) or with different

doses of cystamine starting from the age of 58 days. The top row illustrates a comparison of

[ 1 F]FDG accumulation in a wild-type mouse. Coronal, axial and sagital levels show activity

distribution at the mid-striatal levels 40 min after administration of [18F]FDG revealing the

highest accumulation with a dose of 100 mg/kg cystamine. Accumulation in the cerebellum and

Harderian gland is visible on axial and sagital sections. The slice thickness is 1.26 mm.

Figure 2. Exponential decrease of glucose utilization as a function of age in striatum, cortex and

cerebellum of transgenic HD mice (R2/6) based on PET imaging studies of [18F]FDG

accumulation starting from the age of 58 days. This data is averaged from a group of 12 control

mice comprising 6 vehicle treated (PBS) and 6 untreated R6/2 mice.

Figure 3. Post-mortem histological evaluation of HD R6/2 transgenic mice treated with the

transglutaminase inhibitor cystamine. Photomicrographs illustrate frontal sections through the

striatum at the level of the anterior commissure in wild-type (a), R6/2 HD mice treated with

vehicle (c) and cystamine treated HD mice (e). Nissl staining reveals that following cystamine

treatment (100 mg/kg), striatal cells are more numerous and depict a healthier appearance (e)

closely resembling that of wild-type (a). The presence and intensity of the enzyme B-

nicotinamide adenine dinucleotide phosphatase (nadph-d), associated to a subpopulation of

interneurons not targeted in HD, shows no significant difference in wild type, vehicle or

cystamine treated HD mice (b, dj). Scale bar in a,c,e: 100ltm; b,d,f: 40prm.
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Figure 4. Neuroprotective effects of cystamine are dose dependent. High dose treatment (a,

100mg/kg) shows more neuroprotection (number of cells and overall health appearance) than

lower doses (b, 50mg/kg), which also demonstrate neuroprotective potential, as revealed by Nissl

staining. Scale bar: 100tm.

Figure 5. Effects of cystamine treatment on cellular inclusions in R6/2 HD mice.

Photomicrographs depicting abundant cellular inclusion staining (black) within neuronal

elements of the striatum (b) and the cortex (c) of R6/2 HD mice treated with vehicle. Neurons of

animals treated with cystamine (dose 100 mg/kg) depict cellular inclusions diminished in size as

illustrated by the lack of staining at low (d) and high magnification (e-f) in the striatum (e) and

cortex (f) (see black arrows) as compared to untreated animals (a). Scale bar in a,d = 250gm and

in b,c,e,f = 25ý.m.

Figure 6. Dose dependent decrease in striatal (a) and cortical (b)inclusion size after cystamine

treatment. Column 1 illustrates inclusion size in control mice; Column 2 - after cystamine

administration of 9 mg/kg; Column 3 - after cystamine treatment of 50 mg/kg and; Column 4 -

after treatment with a dose of 100 mg/kg. Cystamine induced decrease in inclusion size is 52.8%

in striatum and 18.0% in cortex using 100mg/kg dose, indicating stronger protective effect in the

striatum than in the cortex.
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Performance Evaluation of MMP-II:
A Second-Generation Small Animal PET

John A. Correia, Member, IEEE, Charles A. Burnham, Senior Member, IEEE, David Kaufman, Anna-Liisa Brownell,
and Alan J. Fischman

Abstract-We have completed construction of a second-gen- pability. There have recently been a number of efforts toward the
eration, single-plane small animal PET instrument based on development of small-animal PET imaging devices. The earliest
1SO detectors. The second-generation design addresses some of used Bismuth Germinate (BGO) detectors [I]. Cherry, et al. [2],
the limitations in the first-generation. The purpose of the work
reported here was to characterize the physical performance of this [3] subsequently developed the first LSO-based animal-imaging
instrument. Results of the performance measurements indude: instrument having approximately 2 mm spatial resolution and
Spatial resolution = 1.25 mm at field center and 1.5 mm at volumetric imaging capability. A number of other investigators
2 cm radius; point source sensitivity = 56 cps/uCi,; scatter have developed scintillator-based systems atthisresolutionusing
fractions of 0.019 and 0.056 in 3.8 and 6 cm diameter cylinders either LSO [4], [5], YAP [6], [7] or GSO [8] scintillators and sev-
respectively; linearity of reconstructed signal within 5% up to 100
uCilcc and acceptable dead-time performance up to 25 k true cps. eral different types of light readouts including position sensitive
Examples of phantom and animal images are also presented. photomultiplier tubes and photodyode arrays [9], [10]. Several

Index Terms-ISO, PET, small animal imaging. investigators including ourselves have designed and constructed
scintillator-based detector modules with resolution in the 1 mm
range [6]-[8]. Others have taken alternative approaches to the

I. INTRODUCTION design of very high-resolution detector modules [9], [10], for

SURING the recent past there has been a growing interest example stacked wire chambers with lead converter plates.

in the physiologic and biochemical imaging of small ani- We have previously developed a single-plane, LSO-
mals. Several factors have contributed to this interest. Firstly, the based-PET instrument with 1 mm spatial resolution in objects
tremendous growth of the genetic engineering field has resulted on the scale of small animals [6]. Although this instrument
in the development of a number of models of human disease performed well it was limited by low sensitivity due to the use
in genetically manipulated mice and the study of such models of short crystals and by limitations in detector performance
is of great interest. Positron emission tomography (PET) pro- due to light losses at the center of the detector blocks. In
vides the best available means of nondestructively studying the order to address these issues, a second-generation instrument,

time course of general physiological parameters as well as spe- Millimeter PET-IT (MMP-II), which sacrifices a small amount

cific biochemical changes in such disease models. Secondly, of spatial resolution in order to improve detector performance

the pharmaceutical industry has become more and more aware was designed and constructed [11], [12].

of the advantages of nondestructive methods for preliminary The purpose of the work reported here was to evaluate the
drug kinetic studies. A major advantage of using PET for these physical performance of this recently completed second-gener-
studies is that the course of a labeled drug can be followed over ation instrument, which is intended to be a proof of concept for
time in a single animal thus requiring fewer animals and re- the LSO detector module design. Our eventual aim is to extend

sulting in lower variability of parameter estimates due to tighter the design to a volumetric device.

experimental controls.
The availability of new detector materials such as Lutetium II. METHODS

Oxyorthosylicate (LSO), Yttrium Aluminum Pyrovskite (YAP) A. System Description
and Gadolinium Silicate (GSO) for PET have led to the pos-
sibility of producing small-scale, high-resolution instruments The second-generation system consists of a single 14.7cm di-
which are appropriate for rodent imaging. The major properties ameter ring of 1.2 mm wide by 7 mm deep by 4.5 mm high iSO
of these materials that make higher resolution possible are high crystals organized into 36 blocks of ten crystals each viewed
light output and fast light decay. Increased light output makes by two photomultipliers. The blocks are positioned so that eachpossible the identification of very small detectors while fast block end is at the center of a photomultiplier. A total of 36 pho-
decay allows for fast timing and potentially high-count rate ca- tomultipliers view the crystal array. The details of the light op-tics and surface preparations of the detector modules have been

Manuscript received January 7, 2003; revised June 29, 2003. This work previously described [6], [11]. Crystal events are identified via
was supported in part by the U.S. Department of Defense under Grant
USAMRAA-DAMDI7-98-8511 and by the NIH under Bum-Trauma Center a series of block-specific lookup tables for crystal identification
Grant 5P50GM21700-22. based on a normalized difference in photomultiplier signals, en-

The authors are with the Department of Radiology, Massachusetts General ergy bounds to account for variations in crystal response across
Hospital and Harvard Medical School, Boston, MA 02114 USA (e-mail: cor- blocks and gain corrections. These have also been described pre-
reia@pet.mgh.harvard.edu).

Digital Object Identifier 10.1 109/TNS.2003.823058 viously [6], [11]. A diagram of the system electronics and data

0018-9499/04$20.00 © 2004 IEEE
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Fig.]I. Diagram of MMP-II electronics and data acquisition.

TABLE I out. These include measurements of spatial resolution, axial
DESIGN SPECIFICATIONS OF MMP-II SINGLE-PLANE SMALL-ANIMAL PET resolution, sensitivity, field uniformity, linearity and count-rate

response. The measurement methods are described in detail
PARAMETER MMP-I1 SPECIFICATION below.

Diiameter (cm) 14.7 High contrast spatial resolution was measured using line
sources of 18F placed axially in the field. Each source consisted

LSO Crystals 360 of a 22ga stainless steel spinal needle (0.4 mm i.d.) sealed with
quick-drying epoxy after filling with approximately 30 uCi

Element Size (rm) .2 x 4.5 x 7 of 18 F. A series of data, sets were collected for five minutes

Number of PMTs 36 each with two sources in the field, one at the center and one
at a radius which was varied in 0.5 cm steps from collection

Resolution (mm) Center 1.2 to collection. The data sets were sensitivity corrected and

Resolution (mm) 2.5 cm 1.8 reconstructed by filtered back-projection using a ramp filter
and a zoom factor of two. FWHM and FWTM were measured

Axial Resolution (mm) 1.7 from Gaussian fits to profiles through the source centers and
corrected for finite source size.

Sensitivity (eps/uCi) >70 The system sensitivity was measured for both a point source
and an extended cylinder source of 18F. The point source con-
sisted of 1.8 uCi of radioactivity absorbed into a cotton ball

acquisition is shown in Fig. I and the instrument's design spec- that been packed into the end of a 19 gage spinal needle. The
ifications are summarized in Table I. cylindrical source consisted of a 4.5 cm diameter by 4.5 cm

Once a coincidence is identified all 36 photomultiplier signals high plastic cylinder containing an initial radioactivity concen-
are transferred through a buffered interface into a PC computer tration of 8 uCi/cc. Sensitivity collections were carried out at
via the PCI bus. The crystal identification and binning compu- low count rates such that the contribution to the total signal from
tations are subsequently carried out in software. System singles random coincidences was below three percent and scattered co-
rates are also transferred with each event for use in computing incidences are included in the sensitivity determination.
randoms and dead time corrections. The energy bounds used were typical of those used in prac-

As demonstrated previously [11] modification of crystal-el- tice, approximately 60%--125% of the crystal photopeak ener-
ement size from I x 5 x 4.5 mm to 1.2 x 7 x 4.5 mm and im- gies, and total counts were corrected for decay during acquisi-
provement of light optics within the blocks leads to improved tion.
light collection compared to the first generation system (from The axial response of the instrument was measured using a
50%-65%) and better identification of the end crystals. collimator with a 4.5 mm z-gap. This gap can be reduced to pro-

vide thinner slices by changing the collimator. Measurements
B. Performance Evaluation were made at the field center and at 2 cm radius using a point

In order to characterize the performance of the MMP-II source of 18F fabricated as described above. The source was
system, a series of physical measurements have been carried stepped through the instrument in 0.1-mm increments. The total
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coincidence count rate was recorded at each point and all values .
were corrected for decay back to the start of the measurement 5 ]
sequence. _--,,__

The uniformity of reconstructed signal was measured in a
4.5 cm diameter cylinder filled with 18 F solution. Data sets were 4-

collected for a series of four differing total counts, corrected for
randoms, sensitivity variations and attenuation and by filtered 3 ..................................--- ---- ......................................................
back-projection reconstructed using a Hanning filter. A circular
ROI encompassing the whole object was placed on each image S
and a histogram of the count distribution extracted. Since both g 2

statistical noise and nonuniformity contribute to the spreading it

of the histograms, an estimate of the nonuniformity contribution

was made by extrapolating the measured standard deviation as I.................................................
a function of total events collected to infinite events.

The linearity of reconstructed radioactivity over a dynamic
range of 10: 1 was measured using an array of five 3 mm-diam- 0

eter cylindrical sources arranged in a radially symmetric pattern S 1 2 3Source Position (cml

1.5 cm from the center of a 4 cm cylindrical plastic absorber.
Image data sets were collected for 15 min duration at an interval Fig. 2. Spatial resolution as a function of field radius measured with 0.4 mm

of 2 h. Data were corrected for attenuation, randoms and sen- 18-F line sources. Measurements are corrected for source size. FWHM and

sitivity variations and values of reconstructed signal were ex- FWTM determined from Gaussian fits are shown.

tracted from small regions-of-interest centered over the cylin-
ders.

TABLE II
The system scatter fraction was measured for several cylin- COMPARISON OF MEASURED AND SIMULATED SENSITIVITIES FOR POINT

drical scatterer diameters. Polyethylene cylinders of 3.8 and SOURCE AND CYLINDER. MEASUREMENTS WERE MADE WITH 18 F

6 cm diameter were used as scattering medium. The former is SENSITIVITY Measured Simulated

close to the maximum object size that can be accommodated
by the instrument and the latter represents more typical objects Point (cps/uCi) 59 70

such as rodent torso. In each case a line source of 18 F prepared Point (percent 0.16 0.19
as described above was placed at the center of the scatterer and

a low count rate, moderate total count image was collected. The 4.5 cm Cylinder 386 402
random rates for these collections were below 2%. The sources (cps/uCi/cc)

were aligned at the field center. Sinogram data were summed
over angle to provide a single integrated projection. The scatter
fraction was computed as the sum of all events in the region
below 1% of the peak counts divided by the sum of all events. Measured Axial Response-4.Scm Gap

The count-rate response of the system electronics was mea- low -

sured using a 3 cm-diameter source of 13 N in solution placed at
the field center. A series of 2 min data collections were carried
out over a dynamic range of 500: 1 in radioactivity concentra- 1200---------- - . - center

tion. - r=2cn

III. RESULTS 8

The results of the measurements described in the previous
section are presented in detail below and compared with sim- 40 . ---- ...

ulated values where appropriate.
Fig. 2 shows the results of the high contrast spatial resolution

measurements. The measured FWHM resolution is 1.25 mm at 2 3 7 a0 1 2 3 4 5 t

the center of the field and 1.5 mm at 2 cm radius. The FWTM, Point Sourc Z Posit•on (mm)

also illustrated, are consistent with a Gaussian response.
The measured sensitivities are presented in Table II along Fig. 3. Axial response measurements at field center and 2 cm radius for

with comparable values determined by Monte Carlo simula- 4.5 cm z-gap. An "8 F point source of 0.4 mm diameter was stepped at 0.1 mm

tion. The point source sensitivity based on the measurements steps axially through the field.

described was determined to be 59 cps/uCi (0.16% of emitted
photons) and that for the cylindrical source 386 cps/(uCi/cc). A The results of the axial response measurements are shown in

separate set of measurements using a 6 8Ge point source gave Fig. 3. The axial resolution was measured from fitted Gaussians

comparable results. to be 1.9 mm at the field center and 2.3 mm at 2 cm radius.
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S. E. of Mean Pixel Values in a 4.5cm Cylinder Scatter Measurement - 6cm Cylinder
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Fig. 4. The standard deviation of the reconstructed pixel values over a 4.5 cm Scatter Measurement - 3.8 cm Cylinder
cylinder of 'IF at four levels of total counts. 100 1
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* Channel

0 .
0 20 40 N0 8 100Activity Concentration (uClcs) Fig. 6. Measurement of scatter distribution from a line source of 'IF at thecenter of two different sized tissue equivalent cylindrical absorbers. Shown is

the sum of the projection data over all angles. The measured scatter fraction is

Fig. 5. Reconstructed values in 3 mm cylinders located at 1.5 cm radius in a 0.019 for the 3.8 cm absorber and 0.056 for the 6 cm absorber.

4 cm absorber. Linear least squares fit to the measured values is also shown.

and that for the larger (6 cm diameter) was 0.056. The result
Similar results were obtained in separate experiments using a for the smaller scatterer agrees well with the value of 0.025
68Ge point source. predicted by Monte Carlo simulation but the measured result

The results of the field uniformity measurements described is somewhat higher than the Monte Carlo result of 0.04 for the
above are shown in Fig. 4. The extrapolated nonuniformity at larger.
infinite count density resulting from this procedure is approxi- Fig. 7 shows plots of the singles, total coincidences, true coin-
mately 3.25%. cidences and random coincidences over a 500: 1 dynamic range

The system response to varying radioactivity concentration in of total coincidence count rate. The limiting useful count rate
3 mm diameter cylindrical objects is shown in Fig. 5. The mea- defined as that at which randoms equals trues was determined
sured concentrations and the corresponding linear least squares to be 29 000 true coincidences per second. At this rate the mea-
fit to them are consistent with linear response over a dynamic sured system dead time was 53%.
range of 10: 1 in radioactivity concentration. In order to demonstrate the system's imaging capability sev-

Fig. 6 summarizes the scatter correction measurements eral extended objects were imaged. Fig. 8 shows an image of
described above. The integrated projection data for cylindrical a high-resolution micro-Jaczczak phantom consisting of trian-
scatterers of two different sizes is shown. The measured scatter gular arrays of cold rods surrounded by radioactivity. The rod di-
fraction for the smaller (3.8 cm diameter) cylinder was 0.019 ameters in mm are indicated and the rod spacing in each array is
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Fig. 9. "'F-FDG image of a mouse heart in coronal section. The animal
0 25 50 75 100 is anesthetized and no cardiac gating was applied. The myocardial wall and

Time (min) ventricle are well separated.

Fig. 7. Count-rate performance: Shown are singles, total coincidences, trues
and randoms measured with a decaying surce of 13-N solution containedIV. DISCUSSION

in a 3.5 cm cylindrical container. The 100 min time scale corresponds to ten A second-generation single-plane small animal PET has been
half-lives or a dynamic range of approximately 500: 1 in the data shown. co nd-gen ertioncompleted and its properties evaluated experimentally. Most of

the parameters evaluated agree reasonably well with those pre-
dicted in preliminary design studies. The measured sensitivi-
ties however are slightly lower than simulated values, 4% lower
for the extended cylindrical source and 20% lower for the point
source. These differences can be explained by the fact that ad-

I ~ ditional events in the real system may be rejected based on en-
ergy criteria due do detector-block nonidealities. Similarly, the
measured scatter fraction for the larger scatterer is higher than
predicted by approximately 30%. This is as yet unexplained and
may be the result of the data analysis method.

The system described here is a second-generation device in-
tended to address some of the limitations of the first generation
[6]. In the original system 5 mm deep detectors were used in
order to bias detection toward single interaction events. Subse-
quent simulation studies [12] showed that this depth could be
increased to 7 mm without a major increase in multiple interac-
tions. Further the first-generation system was based on blocks
of twelve 1 mm wide crystals yielding 1 mm spatial resolution

Fig. 8. Image of a high-resolution micro-Jaszczak cold spot phantom of at the center. This design yielded relatively high light losses at
diameter 4.5 cm filled with ' 8

F. The cold rod sizes in mm are indicated. The the center of the blocks and difficulties in identifying some end
rod separation is two times the diameter in each array and the image contains crystals. To address this limitation some resolution was sacri-
60 M total coincidence events. ficed in the second-generation system to improve block per-

formance. Crystal widths were increased to 1.2 mm and orga-
twice the rod diameter. The data were corrected for randoms, at- nized in blocks of ten resulting in a concomitant increase in de-
tenuation and nonuniformity but not scatter corrected. The data tector-ring diameter from 12.5 to 14.6 cm and a decrease in cen-
set collected consists of approximately 60 million events. The tral resolution to 1.25 mm. The overall effect of these changes
1.5 mm cold rods are well separated and a hint of the 1 mm rods was to increase sensitivity by approximately a factor of two and
can be seen near the object center, but they become blurred with improve block performance considerably.
increasing radius due to decreasing resolution. The intent of constructing the single-plane system described

Fig. 9 shows the distribution of 18 F radioactivity in the heart here was to develop approaches to detector design and data pro-
of a 25 gm mouse 45 min after the injection of approximately. cessing which could be extended to a volumetric system and
2 mCi of FDG. The mouse is under anesthesia and no cardiac such a design has been developed through bench-top studies
gating was used. The myocardial wall is clearly separated from and simulation [12]. However, a single-plane is still a useful
the surrounding ventricle, tool for some types of small animal imaging studies, particu-
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Synthesis of ["C]Methoxymethyl-MTEP and ["C]Methoxy-PEPy, potent and selective
PET radioligands for Metabotropic Glutamate Subtype 5 (mGlu5) receptor

Meixiang Yul, Thomas Klaess2 , Alan P. Kozikowski 2, Anna-Liisa Brownell'

'Department of Radiology, Massachusetts General Hospital, Boston, MA.
2Departments of Neurology, Georgetown University Medical Center, Washington, DC

Metabotropic glutamate receptors (mGluRs) are a family of receptors coupled with G-protein in the

mnammalian nervous system and are activated by L-glutamate. Excessive activation of mGluRs has

been implicated in several 71

disease states including pain, N

anxiety, depression, drug OH DMSO, 11CH1O NC%

addiction or withdrawal. 1 o 750C 6min 2

Research of the mGluRs has %

been hampered because of the

lack of in vivo imaging ligands. OH ACN, 11CH 31 N %lICH

We have developed radio- 75 0C 6min I
labeling for two antagonists of N N

mGluR5; 2-[(3-methoxy-

phenyl) ethynyl]-6-methyl- Synthesis of [11C]M-MPEP (2) and [11ClM-PEPy (4)

pyridine (M-MPEP, 2), a novel ligand with high affinity (Kd=2 nM), and 3-methoxy-

5-(pyridin-2-ylethynyl)pyridine (M-PEPy, 4) also a mGlu5 antagonist with high affinity (Kd=3.4 nM).

0.5 mg of precursor 1 dissolved in 400 pL DMSO and 6 mg KOH was used to react with [11C]CH3I,

which was produced by standard method. The reaction mixture was heated at 75 0C for 6 min, after

which ["'C]M-MPEP was purified on a ýi-Bondapak® C-18 preparative HPLC column (7.8 x 300 mm,

Waters) by washing with methanol and phosphate buffer (pH 7.4) 60/40 at 6 ml/min, with 40% yield.

Similarly, 0.5 mg of precursor 2 dissolved in 400 RL acetonitrile (CAN) and 6 mg of KOH was used to

receive [r'C]CH 3I, then the reaction mixture was heated at 75 0 C for 6 min. ['1 C]M-PEPy was purified

on a above HPLC system, by washing with methanol and phosphate buffer (pH 7.4) 50/50 at6 ml/min,

with 50.5% yield.

The radiolabeled ligands were administered into the normal rats (male Spraque-Dawley, 2 mCi into the

tail vein) to evaluate in vivo biodistribution by PET. In 3 min the activity reached the maximum in the

brain followed by rapid washout. The abdominal area (liver, spleen and pancreas) had the highest

accumulation and the radioactivity did not wash out during the 60 min follow up time. In conclusion,

we have successfully labeled M-MPEP and M-PEPy with C-11 in high yield, and in vivo imaging

studies have shown that the ligands go through the blood brain barrier. Further analyses will be done to

localize possible specific binding sites in the brain.
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IMAGING OF THE DOPAMINE SYSTEM IN OLFACTORY BULB BY POSITRON EMISSION TOMOGRAPHY (PET) IN
RATS. M. Yu.1, A. Zhu', X. Wang', K. Jokivarsi', A. Brownell'. 'Radiology, Massachusetts General Hospital, Harvard Medical
School, Boston, MA, United States. (652072)

Objectives: Olfactory disorders in Alzheimer's disease (AD) and Parkinson's disease (PD) have been the topic for the work

both in clinical and in research. The olfactory deficits involve both identification and recognition of odors and detection
thresholds. The pathological basis in PD is well known: the olfactory bulb (OB) contains numerous Lewy bodies and severe
neuronal loss is present in the anterior olfactory nucleus. The olfactory function is disordered especially in the idiopathic PD.
In AD there is a close relationship between the olfactory and cortical degenerative changes indicating that olfactory bulb and
tract is one of the earliest events in the degenerative process of the central nervous system. In vitro study and
immunochemistry studies have demonstrated that D1 and D2 had similar regional distributions in rat, monkey, and human
brain, with the most intense staining in striatum, olfactory bulb, and substantia nigra, regions known to have dopaminergic
neurons and innervations. However, dopamine transporter (DAT) mRNA is not abundant in the olfactory bulb at any stage of
development. It is important to confirm these in vitro information with in vivo imaging data, and the in vivo imaging study in
olfactory bulb might be an assistant method to identify the PD and AD in the earlier disease development stage. However,
according to our knowledge, there is no report about the in vivo imaging of the dopamine system in the olfactory bulb.

Methods: [1 1C]CFT and [11C]raclopride were used to imaging the dopamine transporter and dopamine D2 receptor
respectively in rats. Concord MicroPET system was used to do the dynamic imaging study. Results: During 20-40 min, the
average counts ratio of striatum/cerebellum were 3.64±0.38 (n=5) and 1.91±0.18 (n=6) for DAT and D2 respectively, and the
average counts ratio of olfactory bulb /cerebellum were 1.42±0.16 (n=5) and 1.11±0.10 (n=6) for DAT and D2 respectively.
Conclusions: PET imaging study in rats showed that dopamine transporter consistently expressed in olfactory bulb and D2
receptor is rarely expressed in the olfactory bulb.
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SYNTHESIS AND EVALUATION OF [1 1C]M-MPEP AND [11 C]M-PEPy, POTENT AND SELECTIVE RADIOLIGANDS FOR

METABOTROPIC GLUTAMATE SUBTYPE 5 (mGlu5) RECEPTOR BY POSITRON EMISSION TOMOGRAPHY (PET). M.

Yu*., X. Wang', K. Jokivarsil, A. P. Kozikowski2 , A. Brownell'. 1radiology, Massachusetts General Hospital, Harvard Medical

SSchool, Boston, MA, United States; 2Drug Discovery Group, Georgetown University Medical Center, Washington, DC, United

States. (650468)

Objectives: We have successfully synthesized two potent and selective PET radioligands, 2-[(3-[ 11C]methoxyphenyl)

ethynyl]-6-methylpyridine ([11C]M.MPEP) and 3-[ 1 C]methoxy-5- [(2-pyridyl)ethyl] pyridine ([11C]M.PEPy), to image mGluR5,

which has been found involved in neurodegenerative disorders. Methods: [11C]M-MPEP and [11C]M-PEPy were synthesized

by the reaction of precursors and [11 C]methyl iodide followed by high pressure liquid chromatography (HPLC) purification.

The PET imaging studies were performed by using Concord MicroPET system. The displacement experiments were carried

out by using a selective mGluR5 antagonist 2-methyl-6-(phenylethynyl)-pyridine (MPEP) at 10 minutes before the

administration of [11C]M-MPEP and [11 C]M-PEPy at a dose of 5 mg/kg. The plasma radiolabeled metabolites were analyzed

by HPLC. Results: [11 C]M-MPEP and [11 C]M-PEPy were successfully prepared within 45 minutes in a yield of over 30-40%,

with radiochemical purity of over 97% and specific radioactivity of about 1000 mCi/pmol. PET studies showed that [11C]M-

MPEP and [11 C]M-PEPy passed the brain blood barrier and accumulated in the olfactory bulb (OB) subsequent to the peak

*within 5 minutes. From 15-30 minutes, the binding activity of [1 1C]M-MPEP and [11C]M-MPEP to OB were 9 - 7 and 18 - 14
% activity/i.d. 100ml respectively, while to cortex, striatum and cerebellum remained similar 4-2 % activity/i.d. 100ml. After

pretreatment with MPEP, the radioactivity of [11C]M-MPEP and [11C]M-PEPy in OB significantly reduced to 3.1 and 2.1
activity %/i.d. 100 ml at 20 minutes respectively. These Data indicated that the bindings are reversible with high selectivity.

S HPLC plasma metabolite analysis showed that the unchanged [11C]M-MPEP and [11C]M-PEPy in plasma were 22% and

8.5% respectively at 20 minutes and no lipophilic radiolabeled metabolite was detected. Conclusions: [11 C]M-MPEP and

[11C]M-PEPy could be synthesized and they are binding to olfactory bulb reversibly with high selectivity, they can be used to
map the mGluR5 in the brain.
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CYSTAMINE INDUCED NEUROPROTECTION IN TRANSGENIC R6/2 MOUSE MODEL OF HUNTINGTON'S DISEASE -
ASSESSED BY POSITRON EMISSION TOMOGRAPHY (PET) STUDIES. X. Wang"1, A. Sarkarl, M. Yu', F. Cicchetti 2 , K.

Jokivarsil, A. Brownell'. 'Radiology, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts,

United States; 2Neurosci. unit, CRCHUL, Ste-Foy, PQ, Canada. (650464)

Objectives: Huntington's disease (HD) is an autosomal dominant neurodegenerative disease with no effective treatment and
unknown mechanism. However, evidences have been shown the involvement of transglutaminase (TGase) in pathogenesis

of Huntington disease. Cystamine, an anti-oxidant, and a competitive inhibitor of transglutaminase, has been found to reduce

abnormal movements, decrease body weight loss and prolong the lifespan in R6/2 transgenic mice model of HD. In this
study we used PET to investigat the efficacy of cystamine induced neuroprotection. Methods: Three groups of R6/2 HD

transgenic mice were used in this study, control group, and the groups with cystamine daily i.p. treatment at the dose of 50

and 100 mg/kg respectively. We conducted PET imaging studies of cerebral glucose metabolism with [18 F]FDG and striatal
'dopamine D2 receptor function with [1 1C]raclopride using Concord MicroPET system. Each animal was anesthetized for tail
vein injection of radiolabeled ligand, and PET data was collected for 60 min and blood glucose is determined from tail vein.

Results: We found that in untreated R6/2 mice the decrease of glucose metabolism was age dependent with an exponential

function after the age of 60 days. The percent decrease of glucose metabolism between 70 to 85 days was 3.87, 3.19 and
3.09 per day in the cortex, striatum and cerebellum correspondingly. In the cystamine treated R6/2 HD mice (at the dose of

50/100 mg/kg) the percent decrease of glucose utilization per day was 1.99/1.22, 1.84/2.38 and 1.74/1.90 in the cortex,

striatum and cerebellum, respectively. The binding potential of [11C]raclopride at the age of 74 days in the striatum was
1.07±0.03 in untreated mice and 1.22±0.06 and 1.26±0.08 in cystamine treated mice with doses of 50 and 100 mg/kg,
respectively. Conclusions: Our findings suggest that cystamine significantly decreases the declining rate of glucose
metabolism and improves dopamine D2 receptor function, which might reflect an increased neuronal activity and decreased

neuronal loss. These data support that cystamine is a potential neuroprotective drug in the treatment of Huntington disease.
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SYNTHESIS AND EVALUATION OF C-11 MPEP, POTENT AND SELECTIVE
RADIOLIGAND FOR METABOTROPIC GLUTAMATE SUBTYPE 5 (mGlu5) RECEPTOR
BY POSITRON EMISSION TOMOGRAPHY (PET)

Meixiang Yu, PhD, Xukui Wang, MD,.Aijun Zhu, PhD, Anna-Liisa Brownell, PhD.
Massachusetts General Hospital, USA. ,

Objectives: We have successfully synthesized a potent and selective PET radioligand, 2-methyl-6-
(phenylethynyl)-pyridine (MPEP), to image mGluR5 receptors.
Methods: [1 IC]MPEP was synthesized by the reaction of stannyl precursor and [ 11C]methyl iodide
catalyzed by palladium complex, followed by high pressure liquid chromatography (HPLC) purification.
The PET imaging studies were performed by using Concord MicroPET system.
Results: [1 1C]MPEP was successfully prepared within 45 minutes in a yield of over 50%, with
radiochemical purity of over 97% and specific radioactivity of about 800 mCi/mmol. PET studies
showed that [11 C]MPEP passed the brain blood barrier and accumulated in the olfactory bulb (OB),
striatum and cerebellum with the maximum activity at 5 to 6 minutes. The binding potentials (%
ID/100cc) at 10, 20, 30, 40, 50 and 60 minute after injection were 126.4, 106.3, 87.5, 79.6, 71.8 and 61.4
for Olfactory Bulb, 30.4, 13.0, 11.7, 13.0, 9.4 and 11.6 for striatum, and 23.4, 20.7, 12.8, 11.9, 11.0 and
7.24 for cerebellum, respectively.
Conclusions: [ 11 C]MPEP could be synthesized and it accumulated to olfactory bulb, striatum, and
cerebellum reversibly. [11 C]MPEP can be used to map the mGluR5 receptors in the brain.

http://www.abstractsonline.com//submit/SubmitPrinterFriendlyVersion.asp?ControlKey=... 6/25/2004



Available online at www.sciencedirect.com

SCIENCE , ,DIREC. T Neurolmage

ACADEMIC
PRESS Neurolmage 20 (2003) 1064-1075 www.elsevier.com/locate/ynimg

Mapping of brain function after MPTP-induced neurotoxicity
in a primate Parkinson's disease model
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Abstract

Neurophysiological studies of the brain in normal and Parkinson's disease (PD) patients have indicated intricate connections for basal
ganglia-induced control of signaling into the motor cortex. To investigate if similar mechanisms are controlling function in the primate brain
(Macaca fascicularis) after MPTP-induced neurotoxicity, we conducted PET studies of cerebral blood flow, oxygen and glucose metab-
olism, dopamine transporter, and D2 receptor function. Our observations after MPTP-induced dopamine terminal degeneration of the
caudate and putamen revealed increased blood flow (15%) in the globus pallidus (GP), while blood flow was moderately decreased
(15-25%) in the caudate, putamen, and thalamus and 40 % in the primary motor cortex (PMC). Oxygen extraction fraction was moderately
increased (10-20%) in other brain areas but the thalamus, where no change was observable. Oxygen metabolism was increased in the GP
and SMA (supplementary motor area including premotor cortex, Fig. 3) by a range of 20-40% and decreased in the putamen and caudate
and in the PMC. Glucose metabolism was decreased in the caudate, putamen, thalamus, and PMC (range 35-50%) and enhanced in the GP
by 15%. No change was observed in the SMA. In the parkinsonian primate, [I C]CFT (2/3-carbomethoxy-3f3-(4-fluorophenyltropane)
dopamine transporter binding was significantly decreased in the putamen and caudate (range 60-65%). ["C]Raclopride binding of
dopamine D2 receptors did not show any significant changes. These experimental results obtained in primate studies of striato-thalamo-
cortico circuitry show a similar trend as hypothetized in Parkinson's disease-type degeneration.
© 2003 Elsevier Inc. All rights reserved.

Keywords: Positron emission tomography; Volume rendering; MPTP; Parkinson's disease

Introduction tremor, rigidity, bradykinesia, and postural instability

(Marsden, 1992).
Parkinson's disease (PD) is characterized neuropatho- Hypotheses of the etiology of PD focus on the potential

logically by a severe depletion of DA neurons and an contribution of environmental toxins (exogenous and/or en-
associated loss of axons and terminals in the basal ganglia dogenous) and their interactions with genetic components
(Kish et al., 1988). Diagnosis is based on clinical signs of (Checkoway and Nelson, 1999; Gorrell et al., 1996; Mizuno

et al., 1999; Schapira, 1996). Cell death introduced by
toxins may trigger a cascade of biological processes with an

Corresponding author. Department of Radiology, Massachusetts endpoint of continuous degeneration (Brownell et al., 1998,

General Hospital, Bartlett Hall 504R, Boston, MA 02114. Fax: + 1-617- 1999; Schmidt and Ferger, 2001). These biological pro-

726-5123. cesses affect primarily the dopaminergic system in the basal
E-mail address: abrownell@partners.org (A.L. Brownell). ganglia and the neural network of the motor system (Alex-
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and~r et al., 1986, 1990; Wichman and DeLong, 1996; nisms are operating in primate models of parkinsonism
DeLong and Wichman, 2001). induced by MPTP, we conducted experimental imaging

MPTP (1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine) studies before and after MPTP of cerebral blood flow, ox-
neurotoxicity has long been used as a model for Parkinson's ygen extraction fraction, oxygen and glucose metabolism,
disease because it induces dopaminergic cell death in the dopamine transporters, and dopamine D2 receptors using
substantia nigra pars compacta and striatal dopaminergic positron emission tomography (PET).
degeneration (Palombo et al., 1991; Schmidt and Ferger, For data analyses, a volumetric technique was developed
2001). MPTP-induced dopaminergic degeneration causes to select regions of interest based both on a primate brain
decreases in the binding of presynaptic dopamine transport- atlas (Paxinos et al., 2000) and on actual MRI data. PET
ers and reduces locomotor activity (Hantraye et al., 1992; data were coregistered with the complete brain volume of
Wullner et al., 1994). MR data, and the resulting volumetric-PET data were used

A number of in vivo imaging studies in PD patients have for quantitative data analyses.
shown regional differences in glucose metabolism and
blood flow (Brooks, 2001; Eidelberg et al., 1995b; Fukuda
et al., 2001; Markus et al., 1995). These studies show that Methods
glucose utilization and cerebral blood flow reductions in the
brain correlate with the severity of the disease (Berding et Procedures in primates
al., 2001; Eberling et al., 1994; Eidelberg et al., 1995a;
Moeller and Eidelberg, 1997; Imon et al., 1999). Antonini et Five male aged monkeys (Macaca fascicularis) (age:
al. (1998) have even proposed that studies of glucose me- 11-16 years) were injected with MPTP (0.3 or 0.5 mg/kg iv
tabolism can be used for differential diagnosis of PD. weekly) until PD symptoms appeared including hypokine-

There is, however, great variability in the reports of sia, tremor, rigidity, and bradykinesia (Wullner et al., 1994).
absolute values of local metabolic functions (Antonini et al., The total dose of the injected MPTP varied between 25 and
1995; Bohnen et al., 1999; Eberling et al., 1994). This may 42 mg and the total administration time between 6 and 21
originate from methodological differences during imaging months. PET imaging studies were conducted before MPTP
studies, variability in the resolution of the imaging devices administrations and 2-3 months after cessation of MPTP,
and, finally, differences in the selection of regions of inter- when the PD symptoms were stabilized. For the imaging
est, as well as level of degenerative process. Eidelberg et al. studies, primates were anesthetized using halothane (1.5%
(1996) and Brooks (2001) have used a statistical parametric with oxygen flow rate of 3 L/min). Arterial and venous
mapping technique with normalized values to evaluate met- catheterization was done for drawing blood samples and
abolic changes in different brain areas in PD patients before injecting of labeled ligands. Animals were adjusted into a
and after therapeutic regimen. Autoradiographic studies in stereotactic head holder with ear bars at the origin. Interior
awake primates (Palombo et al., 1990; Porrino et al., 1987) orbital supports ensure that images are acquired on a
have shown significant local changes in glucose utilization pseudocoronal plane perpendicular to the orbito-meatal line.
in basal ganglia, cerebral cortex, and cerebellum after an This allows superposition of the data from MRI studies.
unilateral intracarotid administration of MPTP. Level of anesthesia, blood gases, heartbeat, and vital signs

Based on neurophysiological experiments five different were monitored throughout the imaging procedures
loops have been characterized to control signaling between (Propaq, Vital Signs Monitor, Protocol Systems. Inc., Bea-
the basal ganglia and the cortex (Alexander et al., 1990). In verton, OR).
PD, the most sensitive loop is between the putamen, globus Imaging studies of blood flow and oxygen and glucose
pallidus, thalamus, and cortex. The motor loop links the metabolism were conducted in one imaging session, and
supplementary motor area (SMA) to the primary motor studies of dopamine transporters and D2 receptors were
cortex, dorsal putamen, pallidum and ventrolateral thala- conducted in another session within the time span of a week.
mus, while the dorsolateral prefrontal cortex loop links The MRI studies, needed for anatomical data, were con-
dorsal caudate and ventroanterior thalamus (Isacson et al., ducted within a month. This short time span is necessary to
2001). Studies in PD patients have postulated that the ni- eliminate possible errors in volumetric data fusion, raised by
grostriatal DA deficiency leads to decreased inhibition of neurotoxicity-induced morphologic volumetric changes.
the internal segment of the globus pallidus by both direct MPTP-induced changes in blood flow, oxygen, and glucose
and indirect pathways (Alexander et al., 1990). The result- metabolism were conducted in four primates and changes in
ing excessive inhibitory output from the globus pallidus dopamine transporter and receptor function in five primates,
suppresses the ventral thalamus, reducing activation of the correspondingly.
supplementary motor area and prefrontal cortex, and creates Animals used in this study were maintained according to
the motor impairments characteristic of PD (Alexander, the guidelines of the Committee on Animals of the Harvard
1987; Crutcher and DeLong, 1984; Wichman and DeLong, Medical School and Massachusetts General Hospital and of
1996). the Guide for Care and Use of Laboratory Animals of the

To investigate if similar neural circuitry-linked mecha- Institute of the Laboratory Animal Resources, National Re-
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search Council, Department of Health, Education and Wel- PET images is 5 mm in the axial Z direction and 1.19amm
fare, Publication No. (NIH)85-23. X 1.19 mm in x-y plane.

After that T2-weighted MRI data from the same subject

Detection of locomotor activity were loaded and converted into ANALYZE/AVW image
format. A segmentation routine in ANALYZE was used to

Spontaneous locomotor activity was monitored by an separate the brain from the surrounding tissue in the MRI

Actiwatch system (Mini Mitter Company, Inc., Sunriver, data. PET data were then thresholded and coregistered to its

OR) mounted in a shirt pocket in the back of the animal respective MRI data using the NMI (Normalized Mutual
(Puyau et al., 2002). The Actiwatch reader was connected to Information) voxel match algorithm of the ANALYZE soft-
a computer, and data Were transferred from the Actiwatch to ware package and cubic spline interpolation. A resulting
a computer through a wireless link. The Actiwatch allows transformation matrix maps the PET images onto its respec-
analyses of circadian rhythms, average activity during light tive MR images, and the multimodality image registration
and dark, mean activity score, movement, and movement- routine returns fused PET-MRI images. The fused PET-MR
type index. Prior to MPTP injections, there was a significant images were then volume rendered for display (Fig. 2).
difference between day and night time locomotor activities,
while after MPTP no activity difference was observable Selection of the volume of interest
(Fig. 1). Even though the Actiwatch data cannot be used to
measure clinical score of PD, it provides a useful follow-up Three-dimensional regions of interest were outlined on
method to visualize daily changes in spontaneous locomotor coronal MR slices based on anatomical borderlnes ob-
activity, served from the primate brain atlas and MR images (Fig. 3).

These regions were also computationally compared and
MR imaging verified with the corresponding slices in the primate brain

atlas (Paxinos et al., 2000). The transformation matrix for
MR imaging was conducted in anesthetized primates fusing the PET data to the MRI data was then reapplied to

using the same stereotactic head frame as in the PET stud- the PET images to generate the data for three- dimensional
ies. T2-weighted images (TR = 4500, TE = 100/10 ms) VOI (volume of interest) analysis. Volumetric radioactivity
were acquired with a GE Signa 3.0 T imager in coronal concentration was calculated for each VOI, and these data
planes using continuous acquisition of 3-mm slices to obtain were then used for further data analyses to calculate values
anatomical information to be used in fusion with PET data for blood flow, oxygen extraction fraction and metabolism,
to obtain volume of interest for quantitative analyses. glucose metabolism, and binding potential for dopamine

transporters and dopamine D2 receptors.
PET imaging

PET imaging studies were conducted with an in-house- Validation of the volumetric data analyses

built single ring PET device, PCR-I (Brownell et al., 1989).
The resolution of PCR-I for a point source at the center is To validate the three-dimensional data analyses we con-
4.5 mm, and the sensitivity is 46 kHz/ACi for a source of 20 ducted studies with a phantom consisting of two concentric
cm in diameter with a concentration of 1 liCi/ml. The spheres (Data Spectrum Corporation, Chapel Hill, NC). The
overall efficiency is 64% of the theoretical maximum for a volume of the inner sphere was 20 ml, and the volume of the

1-cm-plane thickness corresponding to the 2-cm-high de- outer sphere was 79 ml, In the first experiment the outer

tectors. The plane thickness of 5 mm used in this study is sphere was filled with 18F-labeled water, and the inner

obtained by the use of cylindrical collimators, which limit sphere was filled with water without radioactivity. The

the effective height of the detectors. The resolving time of phantom was scanned stepwise with 5-mm steps (Fig. 4). In

PCR-I is 6 ns (FWHM). Data acquisition over the whole the second experiment the inner sphere was filled with

brain volume with this single ring device was done with higher radioactivity concentration than in the outer sphere,

5-mm steps starting from the cerebellar level. Imaging data which had the same radioactivity concentration as in the

were corrected for uniformity, sensitivity, attenuation, de- first experiment. Additionally, T2-weighted MR images

cay, and acquisition time. PET images were reconstructed were done with both concentric spheres filled with water.

using a Hanning filtered convolution backprojection with a The data analyses were conducted in the same way as above

cutoff value of 1.0 (Chesler, 1973). Calibration of the by drawing ROIs on MR images and then fusing PET data

positron tomograph was performed prior to each study using with MRI data. Finally, radioactivity concentration was

a cylindrical plastic phantom (diameter 6 cm) containing determined and compared with actual measured radioactiv-

water solution of 18F. The corrected reconstructed data set ity. For comparison, radioactivity concentration was also
was repacked on the Linux workstation and converted into calculated based on conventional 2-dimensional pixel anal-

ANALYZE/AVW image format. The voxel size in coronal yses (Table 1).
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Fig. 1. Effect of MPTP-induced neurotoxicity on spontaneous locomotor activity detected by an Actiwatch before and after MPTP. Before MPTP there was
a significant difference between day and night time locomotor activity, while after MPTP no activity difference was observable.
Fig. 2. A PET study of the distribution of [' 1 C]raclopride binding in dopamine D2 receptors after MPTP toxicity in a primate brain. PET data were fusedwith volume-rendered MR images. The upper row shows coronal slices from anterior to posterior direction. Binding to D2 receptors are localized mainly in
the putamen and caudate. The middle row shows sagital slices from right to left. Slices 1-7 represent right hemisphere and slices 8-13 left hemisphere. At
the bottom row transverse slices are shown from top to base. Volumetric distribution of radioactivity is used in selecting region (volumes) for interest used
in quantitative data analyses of receptor function.
Fig. 3. Anatomical borderlines observed from MR images were used to define the regions of interest for volumetric data analysis on the fused PET-MRI data
set. Segmented brain areas are numbered and color-coded as shown in the image. The data from the left and right hemispheres were analyzed separately.
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Fig. 4. To evaluate the accuracy of the volumetric data reconstruction a
phantom consisting of two concentric spheres was imaged by PET

Coronal PET images were acquired with 5-mm steps and slice thickness
of 5 mm over the phantom. Them mddle row shows images, when the
outer sphere was filled with 18F-labeled water and the inner sphere with
water without radioactivity. The lower row shows images, when the
inner sphere was filled with the same radioactivity concentration as
above and activity concentration in the outer shell was about 44% of it.
For data analysis PET images were fused with T2-weighted MR images
and radioactivity concentrations in the inner and outer shell were
determined (Table 1) using the same volumetric data analysis as in the
experimental primate studies.

Blood flow studies

Blood flow studies were conducted using a steady-

state technique based on the inhalation of C' 5 0 2 (Frack-

owiak et al., 1980; Jones et al., 1976; Subramanyam et
al., 1978). w5 0-labeled CO2 gas mixture was delivered ath

a constant concentration and flow rate (2 L/min) into the
inhalation tube. After 6-8 mhe of inhalation of CGluoO2 gas

mixture, a steady-state activity level was obtained in the

brain, and sequential imaging over the brain was per-

formd stadiativtcoentratonsi the inneelr andouer ushell were

rmedFig. 5. Coronal midbrain slices of a monkey brain illustrate the quantitative
steps and an acquisition time of 60 s. During imaging, a distribution of hemodynamic, metabolic, and dopamine receptor function
series of arterial blood samples were drawn to determine before and after MPTP neurotoxicity. Studies of blood flow were con-
blood gases and radioactivity in the plasma and whole ducted with a steady-state inhalation technique using a CiS02 gas mixture
blood. These data are needed for calculation of the oxy- (Jones, 1976). Studies of oxygen metabolism were conducted with a

esteady-state inhalation technique using a 1502 gas mixture (Jones, 1976;gen a(Subramanyam 1978). Subramanyam, 1978). Studies of glucose metabolism were conducted with

activity was measured in a gammacounter (Packard Co- [18F]FDG (2-aF-fluoro-2-deoxy-D-glucose). Studies of dopamine trans-

bra Auto-gamma, Downers, IL), which was cross- porters were conducted with [iiC]CFlT (2p3-carbomethoxy-3f3-(4-fluoro-
calibrated with the tomograph. Arterial blood and plasma phenyltropane). Studies of dopamine D2 receptors were conducted with

radioactivity concentrations were then computed after [ilCiraclopride.

corrections for dead time and decay.

Table 1
Radioactivity based on the volumetric data analyses compared to the measured radioactivity and the conventional 2-dimensional pixel analyses
in two concentric spheres

Inner sphere (.LCi/100 ml) Outer sphere (p•Ci/100 ml)

First experiment
Radioactivity determined on the volumetric data analyses 86w+- 7 893 +/- 62
Measured radioactivity 0 869 +p- 11
Conventional 2D ROI analyses 110 +/- 12 1012 +/- 94

Second experiment
Radioactivity determined on the volumetric data analyses 527 +1- 20 239 +/- 7
Measured radioactivity 516 +/-r5 225 +/- 4
Conventional 2D ROI analyses 572 +/- 72 275 +/- 55



A.-L. Brownell et al. /Neurolmage 20 (2003) 1064-1075 1069

Ijpre IPTP EIpre IlPTP
-080 Opost hAPTP 0.0 rpost hAPTP

60 0.4

~30 0.2L20
S10 0.1

,

@pre MPTP Egpre fuPTP
E3 post MPTP 7 Opost MPTP

eS4

SQpo Q ',PTP 6 rpost MPTP

4

4 r

Fig. 6. Quantitative topographic distribution (mean +/- SEM) of hemodynamic, metabolic, and dopamine receptor function before and after MPTP-induced
neurotoxicity in the different brain areas. All the data analyses are based on volumetric data analyses using fused PET and MR images. Significant difference
was calculated as compared to the pre-MPTP values by using Dunnett's t test. Blood flow studies show a significant decrease in putamen, caudate, and PMC
(P < 0.01) and thalamus (P < 0.05) and an increase in GP and SMA (P < 0.05). Oxygen extraction fraction (OER) shows an overall increase with significant
change in putamen (P < 0.05). Oxygen metabolism shows a significant increase in the GP (P < 0.01) and SMA (P < 0.05) and a significant decrease in
PMC (P < 0.01) and an overall decrease in the other brain areas. Glucose metabolism shows a significant decrease in putamen, caudate, and PMC (P < 0.01)
and an overall decrease in the other brain areas but GP and SMA. Dopamine transporter binding investigated by [1 1C]CFT shows significant decrease in
putamen, caudate, and thalamus (P < 0.01) and SMA and PMC (P < 0.05). Dopamine D2 receptor binding investigated by ["Cjraclopride does not show
any significant changes.

Studies of oxygen extraction fraction and metabolism Subramanyam et al., 1978). Regional cerebral oxygen
metabolism can be calculated when blood flow, oxygen

After the blood flow study, the inhalation gas mixture extraction fraction, blood gases, and hemoglobin are
was switched to 1502. In 10-12 min a steady-state activ- known (Subramanyam et al., 1978). Finally, values of
ity level was obtained in the brain based on stabilized oxygen metabolic rate were converted to molar units for
oxygen metabolism and blood flow (Jones et al., 1976; stoichiometric comparisons with glucose utilization.
Subramanyam et al., 1978). A similar sequential imaging
over the whole brain was performed as above. During Studies of glucose metabolism
imaging arterial blood was drawn to determine blood
gases, hematocrite, hemoglobin, and radioactivity levels Studies of glucose metabolism were done using
in the plasma and whole blood. These data are necessary [ 18FIFDG (2- 1 8F-fluoro-2-deoxy-D-glucose) as a tracer.

to calculate the oxygen extraction fraction (Jones, 1976; FDG distributes in tissue like glucose but remains unme-
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Table 2 303-(4-fluorophenyltropane) in order to investigate 4opa-
Stoichiometry of glucose utilization and 02 consumption in different mine transporters. Radiolabeled ligand, [llC]raclopride
brain areas before and after MPTP (Ehrin et al., 1985) or [l1C]CFT (Brownell et al., 1996)

Before MPTP After MPTP (6-8 mCi, specific activity 600-1000 mCi/4mol) was in-

Putamen 6.68 +/-1.06 8.71 +/-0.86 jected into the femoral vein; and imaging data were ac-
Caudate 5.13+/- 0.69 6.92 +/- 0.34 quired stepwise on seven coronal brain levels, initially using
GP 7.39 +/-0.78 8.23 +/-0.92 15 s per image. The acquisition time was subsequently
Thalamus 6.98 +/- 1.91 7.71 +/- 0.71
SMA 5.63 +/- 0.89 5.84 +/- 0.32 increased to 60 s, the total imaging time being 90 mi in
PMC 4.19 +/- 0.53 6.00 +/- 0.54 both experiments. Eighteen arterial blood samples of 0.1 ml
Cerebellum 4.42 +/-0.98 5.04 +/- 0.38 were drawn at different time points starting from 10 s

frequency and ending with 15 min frequency in order to

monitor the decrease in radioactivity. In addition, three
tabolized in the form of 6-phosphate making quantitative arterial blood samples were drawn for HPLC analyses of
imaging studies possible. The kinetic model of Sokoloff et metabolites of the labeled ligands.
al. (1977) extended by Phelps et al. (1979) was used in data Kinetic behavior of [11C]CFT was studied with a four-
analysis. Following a rapid intravenous injection of 5 mCi parameter estimation of the three-compartmental model ap-
of 18F-FDG, dynamic PET images were acquired at a level proach. In the three-compartmental model, the first com-
15 mm anterior from the earbar for 30 min using an acqui- partment is the plasma pool, the second is the exchangeable
sition time of 15 s. After this, when activity had reached a tracer pool including free and nonspecifically bound ligand
steady-state level, coronal slices were acquired over the in the brain, and the third compartment is a trapped tracer
brain at 5-mm steps starting from the cerebellar level and an pool including bound ligand in the brain. The exchangeable
acquisition time of 60 s. Arterial blood samples were drawn tracer pool contains ligand but no receptors; and the third
for determination of plasma radioactivity. The plasma datawerefited o a2-eponntil fncton nd sedas n iput compartment includes all the receptors, partly or totally
were fitted to a 2-exponential function and used as an input occupied by ligands. The kinetic parameters k3 and k4 de-
function in calculating glucose metabolic rate. In addition, scribe the binding to and dissociation from the receptors.
arterial glucose values were determined before and after the The transfer coefficients kl-k4 were mathematically re-
experiment. Values for the transport parameters k1-k 4 were
calculated from the dynamic tissue data using plasma input solved using ca leastsqua re fit, eqt
function (Phelps et al., 1979). Values for regional cerebral method All num er an alye were d on w itth atimnglucse etaolim wre alclate usng ranpor paam- zation tool SAAM II (Foster et al., 1994). For stabilizationglucose metabolism were calculated using transport param-

eters and blood data information, regional tissue data from of the k values the fitting procedure was performed using

the areas of interest and a value of 0.5 for the lumped two steps. Since the cerebellum does not have specific

constant (Reivich et al., 1985). Finally, the values of glu- receptor binding or is negligible, fitting was done with the

cose metabolic rate were converted to molar units for stoi- cerebellar data, letting all the k values float. The ratio k1/k2

chiometric comparison with 02 consumption. was then calculated. In further iterations this fixed ratio was
used as a constraint and applied with a sequential quadratic

Studies of dopamine D2 receptors and transporters programming method combined with a cost function to
reach parameter optimization. Regional binding potential

Each study included two experiments. The first experi- was calculated as a ratio of k 3]k4 (the ratio of the transport

ment was carried out with [I C]raclopride to investigate from the exchangeable tracer pool into the bound tracer pool
dopamine D2 receptors, and the second experiment was to the transport from the bound tracer pool back into the
conducted 2-3 h later with [1 C]CFr (203-carbomethoxy- exchangeable tracer pool). Regional binding potentials were

Table 3
MPTP-induced changes in dopamine receptor function, hemodynamics, and metabolism in different brain areas

Dopamine transporter Dopamine D2 receptor Blood flow Oxygen extraction Oxygen metabolism Glucose metabolism

Putamen 4** 4 4** 1* *
Caudate ,** 4 4** *
GP -- * 1 i** 4
Thalamus 4** $ 4* $ 4 4
SMA 4* 4 1* 4 T* 4

PMC 4* 4 4** 4 4**
Cerebellum - -4 4 4 4

4 indicates an increase, I indicates a decrease and 4 indicates no change compared to the pre-MPTP value.
* signs P < 0.05 and ** P < 0.01.
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calculated separately for left and right caudate, putamen, From these images it can be observed, that the most striking
thalamus, SMA, and PMC. change after MPTP is the decrease in striatal dopamine

transporter binding. Fig. 6 shows the calculated values ob-
tained by volumetric data analyses in different brain areas of

Results hemodynamic, metabolic, and dopamine receptor function
both before and after MPTP induced neurotoxicity.

Accuracy of the volumetric data analyses The largest decrease in blood flow after MPTP was
observed in the primary motor cortex (39+/-4%). Blood

Development of image fusion and volumetric data anal- flow was decreased in the striatal area (caudate and puta-
ysis has been an essential part of this work. This approach men) by 22-26%, and in the thalamus by 17+/-3%. In the
is absolutely necessary to obtain reliable data from small globus pallidus, blood flow was increased by 15 +/-3% and
brain regions. Fig. 2 shows coronal, transverse, and sagittal in the SMA by 4+/-1%.
segmentation with 3-mm steps (slice thickness) of a vol- After MPTP, oxygen extraction fraction was moderately
ume-rendered MR images fused with PET images of dopa- enhanced in other brain areas but the thalamus (Fig. 6).
mine D2 receptor distribution after MPTP. The original PET Values for oxygen metabolism in the GP and SMA were
images were acquired with 5-mm steps and a slice thickness significantly elevated, partly being a reflection of elevated
of 5 mm. Fig. 3 demonstrates selection of the regions of oxygen extraction fraction. Oxygen metabolism was de-
interest on a single slice level, creased in the putamen and caudate by 10+/-2% and

The validation of the volumetric data analyses was done significantly in the PMC (23+/-2%).
with a phantom of concentric spheres (Fig. 4). Table I Glucose metabolism was decreased in all other brain
shows the accuracy of the obtained results based on the areas but the GP (Fig. 6). In the striatal area glucose utili-
volumetric data analyses and actual measurement of radio- zation was decreased by 35+-/17% in the caudate, 38+/
activity, with comparison to the conventional 2-dimensional -8% in the putamen, 25+/-7% in the thalamus, and (50+1
pixel analyses. In the first experiment radioactivity was only - 12%) in the PMC. Glucose utilization was enhanced in the
in the outer sphere and the calculated radioactivity using GP by 15+/-3% (see Table 3).
volumetric data analyses was 3% and with conventional 2D
pixel analyses 16% higher that the measured radioactivity. Stoichiometty of glucose utilization and 02 consumption
There was only water in the inner sphere, but because of the
scatter and spillover of the radioactivity in the outer sphere Table 2 shows the calculated values for stoichiometric
it was possible to record an activity, which corresponded balance in different brain areas before and after MPTP. The
9.7% of the activity in the outer sphere using volumetric stoichiometric balance increased in all brain areas after
data analyses and 10.9% using 2D analyses. MPTP, indicating that, in addition to glucose, other sub-

In the second experiment radioactivity was in both strates were also metabolized after MPTP.
spheres with the inner sphere more active. The values cal-
culated using volumetric data analyses were 2-6 % higher Dopamine transporters and receptors
than measured radioactivity while conventional 2D pixel
analyses gave 11-22% higher values. The activity concen- The binding of ["C]CFT was significantly decreased in
tration in the inner sphere was in the same range as the the putamen (65+/-4%), caudate (62+/-5%), thalamus
striatal activity concentration in blood flow and receptor (39+/-4%), SMA (25+/-2%), and PMC (25+/-2%)
studies before MPTP toxication. These phantom studies (Figs. 5 and 6), indicating degeneration of the dopamine
were not corrected for the partial volume effects, because in transporter sites in the presynaptic terminals. [11C] Raclo-
each slice the smallest thickness of the sphere in the image pride binding in dopamine D2 receptors showed overall
was equal or bigger than two times the resolution element of decreases (Figs. 5 and 6, Table 3). However, because of a
the tomograph (Hoffman et al., 1979). large variation in the results there was no significant change

These basic tools have been used to analyze data for in raclopride binding after MPTP.
blood flow, oxygen extraction fraction, and metabolism as
well as glucose metabolism and binding parameters for Studies of receptor function and metabolism in relation to
dopamine transporters and dopamine D2 receptors in differ- neural circuitry
ent brain regions.

To compare the obtained experimental results of dopa-
Hemodynamics and cerebral energy metabolism mine receptor function, hemodynamics, and metabolism

with the known neural circuitry, we analyzed MPTP neu-
Fig. 5 (see Table 3) shows the quantitative distribution rotoxicity-induced changes in different brain areas, conven-

and calculated values of blood flow, oxygen metabolism, tionally included in neurophysiological studies of the neural

glucose metabolism, dopamine transporters, and dopamine networks. Table 3 shows the direction of MPTP-induced
D2 receptors at one midbrain level before and after MPTP. significant changes in different brain areas.
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Discussion ultimate aim of finding parallels to human PD in adaptive
changes including metabolic neural networks and dopami-

Parkinson's disease is characterized neuropathologically nergic function.
by a severe depletion of dopamine neurons in the basal Brooks (1997, 1999) has shown that slowness in free
ganglia. Our experiments, conducted in primates after performed motion in PD patients corresponds with changes
MPTP-induced neurotoxicity, showed significantly de- in blood flow in the supplementary motor area and dorsal
creased binding of [11C] CFT in striatum, indicating deple- prefrontal cortex, areas which get subcortical input from the
tion of presynaptic dopamine terminals. We have published basal ganglia. Notably, blood flow changes consistent with
this observation in 1992 (Hantraye et al., 1992), and in 1994 a compensatory overactivation in premotor area were ob-
we further demonstrated the correlation to locomotor activ- served. In PD, there appears to be a synchronization of GPe
ity (Wullner et al., 1994). In these experiments we also and GPi output signals as a result of the loss of DA tonic
found that the total dose or injection period of MPTP does input to the putamen; that together with a reduced thalamic
not correlate with locomotor activity or clinical scores input to the SMA and PM cortices may explain the motor
(Wullner et al., 1994). Since then, about 200 papers have signs of PD (Brooks, 1999; Eidelberg et al., 1995b; Schmidt
been published, with a unanimous observation of declining and Ferger, 2001). Moreover, the recruitment of more cor-
dopamine transporter binding (van Dyck et al., 2002; An- tical regions and the increased and widespread activation of
tonini et al., 2001; Chouker et al., 2001; Huang et al., 2001; PM and SMA-associated cortices suggest that these struc-
Marck et al., 2001; Sakakibara et al., 2001). Even though tures are compensating for the abnormal input, to be able to
there is an unequivocal decline in presynaptic dopamine activate the motor cortex for initiation of the movement
transporter binding in PD, there is inconsistency in reported (Brooks, 1997; Eidelberg et al., 1996).
results of [ 11C]raclopride binding in dopamine D2 receptors We observed enhanced blood flow in the supplementary
in PD (Doudet et al., 2000; Hwang et al., 2002; Kaasinen et motor area as well as in the globus pallidus, while blood
al., 2000). In our present experiments, we have found a flow was decreased in the putamen, caudate, and primary
tendency for a decrease but with a large variation in dopa- motor cortex of the parkinsonian primate. Oxygen metabo-
mine D2 receptor binding after MPTP toxication. During lism was marginally enhanced in the globus pallidus and
MPTP administration (acute MPTP-induced neurotoxicity) supplementary motor area and decreased in the putamen,
and after 6-hydroxydopamine toxicity (van Nguyen et al., caudate, and primary motor cortex. Glucose metabolism
2000) we have observed a moderately increased [1 'C]raclo- was decreased in all brain areas after MPTP but the GP and
pride binding in D2 receptors. Altogether, our observations SMA. In short, we found (1) a decreased striatal dopamine
of dopamine D2 receptor binding are consistent with a transporter binding, indicating degeneration of presynaptic
number of publications that propose a biphasic behavior of terminals; (2) an increased blood flow in the globus pallidus,
D2 receptor binding; indicating that in the early phase of indicating activation in that brain area; (3) a decreased
Parkinson's disease, D 2 receptor binding is enhanced be- glucose metabolism in the thalamus, indicating decreased
cause of supersensitivity and it will decline later with pro- energy metabolism; and (4) decreased blood flow and glu-
gression of the disease (Stoessl and de la Fuentes-Fernan- cose metabolism in the PMC, indicating decreased motor
dez, 2003; Hwang et al., 2002; Kaasinen et al., 2000). In activity. However, at the same time, blood flow in the SMA
addition, there are some other aspects, which might effect was increased while no change in glucose metabolism was
on [l 'C]raclopride binding. First, it has low binding affinity, observed indicating a compensatory mechanism in motor
and it is impossible to determine whether the changes in function. These observations (see Table 3) support a neural
binding reflect alterations in the number of available dopa- circuitry-based reasoning for changes seen in functional
mine receptors or whether they are due to changes in syn- interactions of the motor system in human parkinsonism
aptic dopamine concentration (Stoessl and de la Fuente- (Wichman and DeLong, 2003; Carbon et al., 2003; DeLong
Fernandez, 2003). In addition, it may be possible that these and Wichman, 2001; Isacson et al., 2001).
effects could cancel each other out. As a comparison of the values obtained for the regional

By using the volume of interest determined from the changes of glucose utilization in this "chronic" MPTP

fusion with MR images we were able to investigate also model it can be emphasized that Palombo et al. (1991)

binding characteristics of [11C]CFT and [11C]raclopride in obtained 40% enhanced glucose utilization in a globus pal-

the thalamus, SMA, and PMC. Using conventional PET lidus by autoradiographic studies of [14C]deoxyglucose in a

image analysis it is impossible to localize these sites be- hemiparkinsonian model induced by a unilateral intracarotid

cause the accumulation of radioactivity is so low compared administration of MPTP into the striatum. As well Porrino

to striatal accumulation. The binding values obtained (Figs. et al. (1987) found a significantly reduced glucose utiliza-

5 and 6) correlate well with the values obtained using tion in substantia nigra, thalamus, and ventral tegmental

autoradiographic techniques (Kaufman and Madras, 1992). area and increased values in globus pallidus by autoradio-

In addition to studies of dopamine transporters and do- graphic studies of [14C]deoxyglucose in MPTP-treated

pamine D 2 receptors, we conducted hemodynamic and met- awake primates. Eidelberg et al. (1994) found in human

abolic studies in this preclinical model of PD with the Parkinson's disease patients a 20-30% average decrease in
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glucose utilization depending on the level of disease. It is tissue if the neighboring tissue has a high activity concen-
obvious that there is a difference in absolute values between tration. In biological studies this shows up especially in the
animal models and species. However, interestingly the trend [11C]CFT studies of dopamine transporters, where the pu-
of the changes is similar. tamen has a high activity accumulation compared to the

We have considered the globus pallidus as one brain nearby tissues (Fig. 5). To validate volumetric data analy-
region in these experiments. However, it has two parts ses, imaging studies in concentric sphere phantoms were
interna and externa, which have different functions. The conducted. The absolute values calculated for radioactivity
observed increase in hemodynamic functions, blood flow concentration were higher than measured radioactivity
and oxygen and glucose metabolism, in the GP area could mainly because of the internal scatter. This is clearly dem-
reflect (1) an increased firing of GPi neurons (which project onstrated in the first phantom study when the inner sphere
to the thalamus), (2) an increased metabolism at synaptic did not have any radioactivity but based on data acquisition
terminals from GPe and putamen, projecting to GPi, or (3) and analyses it had about 10% of the activity of the outer
a metabolic activity of interneurons of GP. Differentiation sphere (Table 1).
of these mechanisms is not possible with the conducted PET These experiments provide in-depth information on
techniques, but requires additional electrophysiological changes in metabolic and dopaminergic function in neural
measurements. networks after MPTP-induced parkinsonism in primates.

In the normal in vivo state, glucose is the only substrate This information is valuable for investigations of a compen-
for energy metabolism in the brain. Under normal circum- satory mechanism during degeneration and structural repair.
stances, no other potential energy yielding substrate has In addition, these experiments enhance the use of MPTP
been found to be extracted from the blood in more than neurotoxicity as a model to investigate human Parkinson's
trivial amounts. For complete oxidation of glucose, the disease.
theoretical ratio of 02 to glucose utilization is 6.0. A value
of 5.2 has been obtained in human studies conducted with
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Abstract

Methyl 2-(methoxycarbonyl) -2-(methylamino) bicyclo[2.1.1] -hexane -5-carboxylate (MMMHC) is developed
as a potential neuroprotective drug. It was labeled with C-Il from the desmethyl precursor methyl 2-
(methoxycarbonyl)-2-amino bicyclo[2.1.1]-hexane-5-carboxylate with [1"C]methyl triflate in acetone solution at
60 TC with labeling yield of 69% and with radiochemical purity of >99%. Positron Emission Tomography (PET)
studies in a normal rat showed that Methyl 2-(methoxycarbonyl)-2-([" C]methylamino)bicyclo[2.1.1]-hexane-5-
carboxylate ([ 11C] MMMHC) accumulated mainly in the cortical brain areas after iv administration. Frontal cortex/
cerebellum ratios in a rat brain were 8.0/6.0, 6.8/4.2, 6.3/4.3, 5.5/4.2 and 5.2/4.5 percent of the injected dose in 100
ml at 2 min, 5 min, 10 min, 20 min and 40 min respectively after i.v. injection. During 20-40 min, 2.9 ± 0.4% of
the total activity stayed in the brain. These results showed that MMMHC could be labeled with C-Il with high
yield, and it passed the brain-blood barrier and accumulated in several brain regions.
D © 2003 Elsevier Science Inc. All rights reserved.
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Introduction

L-Glutamate is the major excitatory neurotransmitter in the mammalian central neural system, acting
through both ligand gated ion channels (ionotropic receptors) and G-protein coupled (metabotropic)
receptors (Dhami et al., 2002; Bonvento et al., 2002; McFeeters and Oswald, 2002). Glutamate has a role
in a variety of physiological processes including development of synaptic plasticity, motor control,
respiration and cardiovascular regulation (Sigrist et al., 2002; Fendt and Schmid, 2002; Gordon and Sved,
2002). An excessive or inappropriate stimulation of glutamate receptors leads to neural cell damage or
loss, by a mechanism known as excitotoxicity (Blondeau et al., 2002). Neurotoxicity and chronic
neurodegenerative diseases (e.g. Parkinson's and Huntington's disease) are also associated with abnormal
activation of metabotropic glutamate receptors (mGluRs) (Rouse et al., 2000; Difazio et al., 1992).
Investigation of metabotropic receptor function has been hampered because of lack of specific receptor
ligands. So far, no functional in vivo imaging studies were published using mGluR labeled ligands.
However, several drug discovery projects targeting metabotropic receptors were published recently
(Fundytus, 2001; Ossowska et al., 2000; Knopfel et al., 1995). Kozikowski et al (Kozikowski et al., 1998)
developed a mGluR agonist, 2-aminobicyclo[2.1.1]hexane-2,5-dicarboxylic acid-I (ABHx D-I, com-
pound A in Fig. 1). In preliminary in vitro studies ABHx D-I was found to protect against neural death in
several neurotoxic models including neurotoxicity induced by NMDA, by oxygen and glucose
deprivation in mouse cortical neuronal-glial cultures. The ABHx D-I has two carboxylic acid functions,
it is unlikely that the compound ABHx D-I can pass the brain-blood barrier (BBB) because of its high
polarity (Platts et al., 2001). To overcome the polarity issue and allow potential BBB penetration, we
designed a new compound, methyl 2-(methoxycarbonyl) -2-(methylamino) bicyclo[2.1.1] -hexane -5-
carboxylate (MMMHC, Compound B in Fig. 1). We postulated that this methyl ester analogue might act
as a pro-drug if it is metabolized into ABHx D-I in the brain by enzymatic degradation. To study the in
vivo behavior of this compound (MMMHC), we labeled it with C-II and conducted positron emission
tomography (PET) imaging studies of its dynamic biodistribution in a rat model. The vivo pharmaco-
kinetic behavior of the compound is essential to determine if it will be used as a drug for therapeutic
purposes (Torchilin, 2000).

Materials and Methods

Materials

The reference compound MMMHC and the precursor for labeling were provided by Dr.
Kozikowski (Kozikowski et al., 1998). Silver triflate was purchased from Aldrich and Graphpac

H OO C• ',,¢Nz H CO OC7 -- ,,,NHCH.
H cooH H% "NCOOCH 3

A B

Fig. 1. Chemical structure of ABHx-D-I (A), MMMHC (B).
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GC (80-100 mesh) from Alltech. Other chemicals were obtained from commercial sources and were
of analytical grade.

Radiochemistry

Production of ["C]carbon dioxide
["1C]carbon dioxide was produced with the cyclotron using 16 MeV protons by the '4N(p, Q)1aC

nuclear reaction on nitrogen. The [11C]carbon dioxide was trapped in a stainless-steel coil cooled with
liquid nitrogen before being transferred to the [11C]methyl iodide/[' 1C]methyl triflate system.

Preparation of [PlC]methyl triflate
[11C]methyl iodide was prepared from cyclotron produced ["lC]carbon dioxide by standard methods

(Nigren and Halldin, 1998) and passed through a heated soda glass column (oven temperature 200 'C)
containing silver triflate impregnated graphitized carbon (Jewett, 1992).

Preparation of methyl 2-(methoxycarbonyl) -2-(f11C]methylamino) bicyclo[2.1.1] -hexane -5-carbox-
ylate ([1C]MMMHC) from methyl 2-(methoxycarbonyl) -2-amino bicyclo[2.1.1] -hexane -5-carboxylate

0.3 mg precursor (Compound C in Fig. 2) in 300 gL acetone was used to trap [l1C]methyl triflate
at 0 'C. After trapping, the reaction mixture was heated at 60 'C for 1 min. After addition of 200 jiL
HPLC solvent (0.01 M H3PO4/acetonitrile 9/1), the reaction mixture was purified by HPLC. The
radioactive peak with a retention time (5 min) similar to a reference standard was collected. After
evaporation, the residue was dissolved in saline buffer and sterilized by filtration through a 0.2-tim
filter (Millex®-GV).

Preparative HPLC system

The radiotracer methyl 2-(methoxycarbonyl)-2-([1 1 C]methylamino) bicyclo[2. 1.1 ] -hexane -5-carbox-
ylate (['tC]MMMHC) was purified by a HPLC system comprising a mobile phase, pump (Merck), an
automatic sample injector (Merck, with 5 ml loop) and radioactivity detector (in-house construction).
Separation was performed on a [t-Bondapak® C-18 column (7.8 x 300 mm, Waters) using acetonitrile
and 0.01 M phosphoric acid (90/10) as the mobile phase with a flow of 6 ml/min.

Analytical HPLC system

The radioligand [IIC]MMMHC was analyzed by reversed-phase HPLC on a [t-Bondapak® C-18
column (3.9 x 300 mm, Waters) using a PC-controlled system with Merck HITACHI pump (type L-

C-Methyl Triflate HNCOOCN3

COOCH3  Acetone, 60oC 1miHm C H
3 H COOCH 3

C D

Fig. 2. The reactions of ['lC]Methy] triflate with desmethyl precursor C.
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7100) and a UV absorbance detector (type L-7400) in series with radioactivity detector (model) (Yu et
al., 1998). After injection of the purified product ['1 C]MMMHC together with the unlabelled reference,
the column was eluted with a gradient system starting from 90% of 0.01M H 3PO4 and 10% of CH3CN to
20% of 0.01M H3PO4 and 80% of CH3CN at 8 min, then back to 90% of 0.01M H3PO4 and 10% of
CH3CN at 10 min with a flow rate of 2 ml/min, and UV absorbance was measured at 220 nm (the
retention time Rt of the compound was 3.2 min).

Positron emission tomography studies

Positron emission tomography studies were carried out with in-house-built PET scanners PCR-I
(Brownell et al., 1989) and super high-resolution rodent PET scanner (Correia et al., 1999). Both
scanners are one-ring systems. The PCR-I (built 1983) has resolution of 4.5 mm and super high-
resolution rodent PET scanner of 1.16 mm. However, the sensitivity in PCR-I is higher, which enables us
to acquire whole body images of rats using "step and shoot" mode and a short acquisition time for each
slice.

For PET imaging studies, animals were anaesthetized with halothane (1-1.5%) mixed to oxygen (3
L/min). Tail vein and artery were catheterized for infusion of the labeled ligand and drawing of blood
samples needed for quantification at 2, 5, 10, 20 30 and 60 min after administration. The animal was
placed in the imaging cradle and the head was adjusted into an in-house-built stereotactic head-holder.
0.5-1.0 mL volume was injected. For high resolution brain imaging with super high-resolution rodent
PET scanner, sequential dynamic imaging data was acquired at one coronal midbrain level. For whole
body imaging with PCR-I, data was acquired over the whole animal with 5 mm steps using a slice
thickness of 5 mm. Calibration of the positron tomographs were performed in each study session
using cylindrical plastic phantoms (diameters 2 or 6 cm) and 18F solution. Imaging data was corrected
for uniformity, sensitivity, attenuation, decay and acquisition time. PET images were reconstructed
using Hanning-weighted convolution back projection with a cut-off value of 1.0. The coronal images
of the whole body distribution were packed into a volume and reprocessed to transverse slices (Fig.
4). To determine the total accumulation in the brain, region of interest was drawn on all coronal
slices, which cover the organ. Accumulation of radioactivity and number of pixels were determined of
each slice to obtain the whole organ's specific values, which were related to the corresponding values
of the whole animal. In addition, in the high resolution PET images (Fig. 5A), regions of interest,
including the striatum, midbrain and cerebellum on both sides of the brain, were drawn and
radioactivity per unit volume, percentage activity of injected dose and the ligand concentration were
calculated (Fig. 5B).

Results

The desmethyl precursor reacted with [(lC]methyl triflate leading to the desired product
["C]MMMHC (Fig. 2). The radiochemical yield of the labeling method was 69% (decay-corrected)
within 40 min from EOB (end of bombardment), and the radiochemical purity of [11C]MMMHC
was higher than 99% as shown in Fig. 3. Using this method, the final product [11C]MMMHC was
prepared in batches containing more than 100 mCi, with high specific activity 800-1200 mCi/

[tmol. In the preparative HPLC purification system, the precursor was washed out earlier than the
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Fig. 3. Radiochemical purity analysis of the labeled compound [11C]MMMHC by the HPLC chromatography (U.V. and
radioactivity resus time). I (UV peak) and II (radioactivity peak) are product.

labeled compound, and the precursor cannot be detected by analytical HPLC system in the final
product.

The whole body distribution of [11C]MMMHC in a rat (Fig. 4) showed that after i.v. administration
the radioactivity enters the brain, liver, kidneys and bladder. During 20-40 min, 2.9 ± 0.4% of the total
activity stayed in the brain. The dynamic distribution of ["C]MMMHC reached the peak around 2
minutes after i.v. injection as shown in Fig. 5B. After that, the radioactivity was partly washed out and
the equilibrium was reached in several brain regions after 20 minutes. In the rat brain accumulation ratios
of frontal cortex/cerebellum were 8.0/6.0, 6.8/4.2, 6.3/4.3, 5.5/4.2 and 5.2/4.5 percent of the injected
dose in 100 ml (%ID/l0OmL) at 2 min, 5 min, 10 min, 20 min and 40 min respectively after i.v.
injection. Furthermore, the high resolution imaging in the rat brain (Fig. 5A) showed that the
["C]MMMHC accumulated especially in cortical areas.

Discussion

Three positions of the compound MMMHC (Compound B in Fig. 1) can be labeled with [11C]methyl

groups (two methyl ester positions, one methyl amine position). If a methyl ester position is chosen to
label with [11C]methyl triflate from the corresponding acid precursor, then the amine group in the
precursor must be protected because of its high reactivity. After labeling, this protective group has to be
selectively removed, which makes the labeling process more difficult. Alternatively, a better way to label
the N-methyl function is to use [1 C]methyl triflate as we have done. C-1I methyl iodide is converted to
C-I 1 methyl triflate before it is trapped in the reaction mixtures, because the C-Il methyl triflate was
more reactive and the labeling yield was higher (Nfgren and Halldin, 1998).
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aaa

Fig. 4. Distribution of [''C]MMMHC binding in a normal rat 20-40 min after administration of the labeled ligand.

A

00

Fig. 5. A. Dynamic distribution of [''C]MMMHC in a rat at the coronal midbrain level after iv injection. B. Time activity
curves of [''C]MMMHC binding in cerebellum and frontal cortex of a rat.
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Fig. 5 (continued).

By using the N-desmethyl precursor, we got the C-Il labelled MMMHC in a good yield (69%) and

high radiochemical purity (higher than 99%) as shown in Fig. 3. The byproduct with two [ 1' C]methyl
groups on the amine nitrogen was not observed. The possible reason was that the amount of precursor

was in high excess to [" C]methyl triflate which had a high specific radioactivity (800-1200 mCi/gmol).
It is useful to label one molecule in different positions in order to study its metabolites (Yu et al., 1999),

however the selection of the position has to be done so that there will be no unwanted radiolabeled
metabolites, which may interfere the imaging quality (Yu et al., 1997).

The distribution of [11 C]MMMHC in a normal rat showed that the radioactivity went into the brain
(Fig. 5A and B) and the total brain accumulation between 20-40 min after i.v. administration was
2.9 ± 0.4% injected dose (ID). [11C]MMMHC accumulates in the liver, and will be excluded

through the kidneys into the bladder (Fig. 4). Most importantly, the ['1 C]MMMHC kinetic

distribution indicated reversible binding (Fig. 5B). The uptake reached the peak value in the brain
(8-10% of the injected activity) at around 2 minutes after injection as shown in Fig. 5B, which was
followed by a wash out that was a blood flow effect, and it reached equilibrium after 20 minutes. The

high-resolution PET images show that the accumulation concentrated mainly in cortical structures
(Fig. 5A).

The ABHx D-I (compound A in Fig. 1) is a physiologically active mGluR agonist (Kozikowski et

al., 1998), it has two acid functions which make it quite polar and then difficult to pass the BBB.
Schoepp et al have demonstrated that (2S)-2-Amino-2-(1S, 2S)-2-carboxycycloprop-1-yl)-3-(9-xan-
thyl)propanoic acid, a mGlu II receptor antagonist also with two acid functions, has very low potential

to pass the BBB. By using 10 mg/kg dose, they verified that the peak values of the compound in the
brain were 243.4 ng/g (iv), 245.5ng/g (ip) at 30 min after administration (Omstein et al., 1998). It is

valuable to design a new lipophilic pro-drug (as compound B, MMMHC in Fig. 1) to pass the BBB
which will be metabolized there to get an active metabolite. There are two ester and one N-methyl

groups in the compound MMMHC, which make the MMMHC lipophilic and easy to pass the BBB as

demonstrated in this experiment. Ester hydrolysis happens in the liver, meanwhile the ester hydrolase in

the brain (in both myelin and microsomes) is also active for the ester metabolism (Shand and West,

1995; Ghosh and Grogan, 1990; Amaud et al., 1981), and ester hydrolysis is a mechanism to carry
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some drug into the brain (Walovitch et al., 1994). Meanwhile, N-demethylation happens in the liver and
also in the brain. N-desmethyl metabolite is a degradation product for the drugs with N-methyl amine
structure by N-demethylase in the brain microsomes (Ravindranath et al., 1989; Hahn and Fishman,
1980; Kawashima et al., 1996). The pro-drug MMMHC can go to the brain and might be metabolized
there to active ABHx D-I. We will continue this project to study the MMMHC metabolism in future
experiments.

Conclusion

The compound methyl 2-(methoxycarbonyl)-2-(methylamino) bicyclo[2.1.1] hexane-5-carboxylate
could be labeled with carbon-ll from its free base desmethyl precursor in high yield and high
radiochemical purity. In vivo studies showed that the [11C]MMMHC passed the brain-blood barrier
and illustrated reversible binding properties in the brain.
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Abstract developed large striatal lesions had decreased glucose util-
To explore acute and long-term effects of 3-nitropropionic ization in the striatum and cortex 1 day after starting 3-NP

acid (3-NP)-induced neurotoxicity, longitudinal positron injections. Similarly succinate and lactate/macromolecule
emission tomography (PET) studies of energy metabolism levels were enhanced; these changes being, however,
and magnetic resonance spectroscopic (MRS) studies of reversible. Progressive degeneration was observe,0 by
neurochemicals were conducted in a rat model. The first decreasing striatal glucose utilization and N-acetylaspartate
injection of 3-NP (20 mg/kg i.p.) was followed by MRS study (NAA) and increasing choline. These observations paralleled
of neurochemicals and PET study of glucose utilization using with weight loss and deficits in behavior. Animals that did not
[18F]2-tlorodeoxy- D-glucose (18F-FDG). After that, 3-NP develop lesions showed reversible enhancement in cortical
administration was done two times a day with a dose of glucose utilization and no change in striatal glucose utiliza-
10 mg/kg i.p. until animals were symptomatic or for a maxi- tion or neurochemicals or locomotor activity.
mum of 5 days combined with daily PET studies. Long-term Keywords: glucose utilization, Huntington's disease, mag-
effects were investigated 4 weeks and 4 months after ces- netic resonance spectroscopy, neurodegeneration, 3-nitro-
sation of 3-NP. These studies showed a significant inter- propionic acid, positron emission tomography.
animal variation in response of 3-NP toxicity. Animals that J. Neurochem. (2004) 89, 1206-1214.

Neurotoxicity-related cell damage is often associated with etiology of the disorder is still unknown. Progression of the
mitochondrial energy impairment, which originates a chain disease might be a result of energy impairment-induced slow
of different pathophysiological processes finally ending in excitotoxic neuronal death (Albin and Greenamyre 1992;
cell death (Brennan et al. 1985; Beal 1998). 3-Nitropropionic Beal et al. 1993).
acid (3-NP), an inhibitor of mitochondrial oxidative meta-
bolism, has been ingested as a component in moldy
sugarcane resulting in selective neuronal death and symp- Received October 6, 2003; revised manuscript received December 16,
toms similar to Huntington's disease (HD) (Ludolph et al. 2003; accepted January 22, 2004.
1991). Subsequently, 3-NP has been widely used as an Address correspondence and reprint requests to Anna-Liisa Brownell,
experimental model of HD as well as a model to study Bartlett Hall 504R, Radiology, Massachusetts General Hospital, Boston,

energy metabolism and cell death (Beal 1992) in vivo (Beal MA 02114, USA. E-mail: abrownell@partners.org
Abbreviations used: 'SF-FDG, ['5 F]2-fluorodeoxy-o-glucose; HD,

et al. 1993) and in vitro (Fink et al. 1996; Pang and Geddes Abrvainusd F-D,[]2foodX--gIScH,
Huntington's disease; MRS, magnetic resonance spectroscopy; NAA,

1997). Although HD is associated with a gene mutation N-acetylaspartate; 3-NP, 3-nitropropionic acid; PET, positron emission

(Huntington's Disease Collaborative Group 1993), the tomography.
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3-NP, an inhibitor of succinate dehydrogenase (Alston General Hospital and of the Guide for Care and Use of Laboratory
et al. 1977) creates mitochondrial inhibition and through Animals of the Institute of the Laboratory Animal Resources,

inhibition of Complex II activity of the electron transport National Research Council, Department of Health, Education and

chain causes depletion of intracellular ATP synthesis, leading Welfare, Publication No. (NIH) 85-23.

to striatal degeneration. An acute effect of the neurotoxin 3-NP was investigated in 12 rats

3-NP-induced pathophysiological changes are time- (male Sprague-Dawley from Charles River Laboratories, weight of
300 g) using the following daily time schedule: The first injection ofdependent and some are reversible. Lee et al. (2000) showed 3N 2 gk ~. a olwdb R td fnuohm3-NP (20 mg/kg i.p.) was followed by MRS study of neurochemn-

that after 3-NP toxication, succinate and lactate/macromol- icals and PET study of glucose utilization. After that, 3-NP
ecules are increased immediately and remain enhanced for administration was done two times a day with a dose of 10 mg/kg
several days; this process is, however, reversible. In addition, i.p. according the following time schedule: 10 a.m. PET imaging
Dautry et al. (2000) showed that the early decrease of study; 12 p.m. 3-NP administration; and 8 p.m. 3-NP administra-
N-acetylaspartate (NAA) induced by chronic 3-NP adminis- tion. This protocol was repeated until symptoms developed (gait
tration is reversible and consistent with mitochondrial observed) or for a maximum of 5 days treatment. During the

dysfunction since NAA is synthesized within mitochondria. treatment period, rats were individually housed in metabolic cages,
However, when toxicity continues, NAA will decrease again, and their diet and excretion were closely monitored. Motor deficits

which indicates the death of neurons. were evaluated using a quantitative neurological coding scale
Since glucose is the major energy source of the brain, developed by Guyot et al. (1997) and Ouary et al. (2000).changesinc glucose utislthe ajior eaner soure ofa thenbraBriefly, the observed deficits were scored as intermittent dystonia ofchanges in glucose utilization can serve as a sensitive

one hindlimb, score = 1; intermittent dystonia of two hind limbs,indicator of energy requirements in brain (Di Chiro 1987; score = 2; permanent dystonia of hind limbs, score = 3; gait
Palombo et al. 1990; Eberling et al. 1994; Eidelberg et al. abnormalities consisting mainly of an uncoordinated and wobbling
1996; Antonini et al. 1998; Dethy et al. 1998; Higashi et al. gait (score = 4); recumbence lying on one side but showing
2000). Glucose utilization can be investigated by positron uncoordinated movements when stimulated, score = 5; near death
emission tomography (PET) imaging using 18F-labeled by almost complete paralysis, score = 6; in addition, capability to
2-fluorodeoxy-D-glucose (18F-FDG) as a tracer. 18F-FDG is graspwiththeirforepaws(able = 0,unable = 1)andcapabilitytostay
transported from bloodstream into brain and to the metabolic on small platform for 10 s(able = 0, unable = 1). Weightprogression
cycle by hexokinase enzyme (Sokoloff et al. 1977). '8F-FDG was followed by daily measurements up to 80 days (Fig. 1).
will not go through the whole metabolic cycle but remains in To investigate long-term degeneration, imaging studies of
[18F]glucose 6-phosphate in the brain for several hours and glucose utilization by PET were repeated at 4 weeks and 4 months[enabglese 6-phospativ e i ing sthies, ince for everal hours an after the cessation of 3-NP administrations (Table 1). Correspond-
enableis qantitatved imrelagiong studi the hner rexkirenase ingly, studies of neurochemicals by MRS were repeated in two
enzyme is activated in relation to the energy requirements animals at 4 weeks after 3-NP administrations.
of the tissue, the accumulation of 18F-FDG reflects the For imaging studies rats were anesthetized with halothane (1.0-
metabolic rate of glucose (Phelps et al. 1979). 1.5% with oxygen flow rate of 3 L/min). For PET studies, catheters

To investigate acute and prolonged effects of 3-NP- were introduced into the tail vein for administration of radiolabeled
induced neurotoxicity, we conducted in vivo imaging studies ligands and into the tail artery for drawing of blood samples, which
in a rat model of striatal energy metabolism using 18F-FDG
by PET and neurochemicals by magnetic resonance spectr- 200

oscopy (MRS) (Jenkins et al. 1996). These in vivo imaging
techniques allowed us to perform longitudinal studies of 175

different pathophysiological processes in the same animals. K_
For PET imaging we used an in house built super-high .5 .
resolution imaging device. 2

S125 .

Methods 1.. ..

Neurotoxin 75 I
3-Nitropropionic acid (3-NP) (Sigma Aldrich Co., St Louis, MO,
USA) solution was prepared by dissolving 3-NP powder in buffered _0
0.9% saline and pH was adjusted to 7.4 with concentrated sodium 0 10 20 30 40 50 60 70 80 90

hydroxide. Da

Fig. 1 Weight progression during and after 3-NP administrations. The
Experimental procedures in rats curves represent maximum (highly symptomatic, behavioral score
Animals used in this study were maintained according to the guide- 2-6) and minimum (no symptoms, behavioral score 0-1) changes of
lines of the Committee on Research Animals of the Massachusetts 12 animals investigated.

© 2004 Intemational Society for Neurochemistry, J. Neurochem. (2004) 89, 1206-1214
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Table 1 Glucose utilization in four areas of rat brain before, during and after 3-NP neurotoxicity

Procedure Time n Striatum Cingular $1/$2 cortex Cerebellum

Before 3-NP 12 55.2 ± 7.4 64.0 ± 7.4 65.2 ± 12.0 55.4 ± 5.8
Behavioral score 0-1
During 3-NP administrations 1 day 6 56.4 ± 20.8 71.8 ± 24.2 72.6 ± 23.2 58.4 ± 12.8

2 days 6 54.0 ± 14.8 69.6 ± 18.4 76.8 ± 21.2 60.4 ± 12.4
3 days 5 55.8 ± 10.8 76.2 ± 19.6 80.8 ± 19.2 55.6 ± 9.8
4 days 4 56.6 ± 7.8 71.6 ± 16.8 75.6 ± 16.2 54.4 ± 6.7

After cessation of 3-NP 2 days 3 54.8 ± 10.2 67.8 ± 12.4 70.4 ± 12.8 56.2 ± 6.6
Behavioral score 2-6

During 3-NP administrations 1 day 6 49.8 ± 30.8 56.4 ± 30.6 60.8 ± 35.8 54.4 ± 33.8
2 days 6 47.2 ± 11.0 66.4 ± 10.8 65.8 ± 17.4 53.8 ± 9.2
3 days 6 40.4 ± 5.0* 56.8 ± 6.4* 51.4 ± 16.2 54.2 ± 16.6
4 days 4 35.8 ± 11.6" 35.8 ± 19.8" 49.8 ± 13.8" 42.2 ± 23.8

After cessation of 3-NP 2 days 3 26.2 ± 10.4* 35.0 ± 19.6* 35.2 ± 14.0* 45.4 ± 18.2
4 weeks 3 40.4 ± 12.8" 40.6 ± 13.6* 46.8 ± 16.6" 51.4 ± 14,2

16 weeks 2 29.4 ± 6.4* 37.4 ± 12.6" 37.4 ± 13.2" 45.8 ± 24.8

Rats were divided into two groups based on behavioral response to 3-NP. In group I motor score was between 0 and 1 according the scale of
Guyot et al. (1997) and Ouary et al (2000) and no striatal lesion was observed by PET studies of glucose utilization. In the group II the motor score
was between 2 and 6 and large striatal lesions were developed. Glucose metabolic rate was calculated using Sokoloff (Sokoloff et aL 1977) model

based on in vivo PET imaging studies using [18F]2-fluorodeoxy-D-glucose as a tracer. A value of 0.5 was used for the lump constant. Data are
presented as mean ± SD in units of gmol/100 mL min. Statistical comparison was done using Student's t-test.
*Comparisons were considered statistically significant at p _ 0.05.

were needed to determine glucose level and blood input function for
quantification of glucose metabolic rate. A heated waterbed was used
to maintain body temperature for all imaging sessions (PET, MRS).

Anesthetized animals were mounted onto a stereotactic headholder to
allow accurate repositioning of the animal in longitudinal studies.

To verify the information obtained by the imaging studies,
histological evaluation of brains was performed. Rats were deeply Fig. 2 Rat experiment in a super high resolution PET scanner. Side
anesthetized by ketamine/xylaxine (100 mag/10 mg/kg i~m.) and .2RaexrintnasurhgheolinPEscnr.Sdaethen trinscardiably perfusnedx e with 4%0 buffere f ah.m) ane view shows a rat secured into the stereotactic headholder in the

imaging 'table' sliding into the tomograph. Front view shows the head
brains were removed, post-fixed with the perfusant for 2 h, inside the collimator ring and some electronics of the tomograph.
cryoprotected in a graded series of 10% and 20% glycerol in 2%
dimethylsulfoxide solution, subsequently serially frozen, sectioned
at 50 pm, stored in 6-well tissue collection clusters, and stained for mounted onto the 'table' to ensure the standard positioning of the

Nissl substance (cresyl violet). animals. For the experimental procedure, the animal is secured onto

the 'table' through the stereotactic headholder, which is equipped with
PET imaging techniques with a super-high resolution a gas inhalation system. The 'table' is then screwed onto a cradle
tomograph attached to the control motor in the imaging device (Fig. 2).
PET imaging studies of glucose metabolism were conducted using a Software was developed to control the movement of the imaging
super high resolution in-house built (Correia et al. 1999) PET 'table' to allow scanning of the whole brain, slice by slice. PET

imaging device (Fig. 2). The spatial resolution of the system is at the signals were corrected for uniformity and attenuation using a
center of the field 1.16 x 1.16 x 1.3 mm3 . This enables to investi- mathematical attenuation correction with an attenuation coefficient

gate metabolic changes in tiny elements (-2 pL) inside the rat of 0.096. Image reconstruction was done using Hanning filtered
brain. However, since the signals originate from such tiny elements, convolution backprojection with a cut-off value of 1.0. Cross-
high radioactivity levels were required to produce statistically calibration of the tomograph was done with a gammacounter
meaningful signals and images. (Packard Cobra Auto-gamma, Downers, IL, USA) using '5 F-labeled

A computer controlled imaging 'table' has been developed for the water. Cross-calibration is needed to quantify the blood samples
super high-resolution scanner. The diameter of the bore in the PET drawn during the imaging acquisition.
system is 6 cm and the imaging 'table' moves through it in a 'step and
shoot' mode (Fig. 2). The length of the axial steps can be selected by PET imaging studies of glucose utilization
the acquisition program with the smallest step size of 12.5 ptm. The For imaging studies, 3-4 mCi of 18F-FDG was administered into the
stereotactic headholder with earbars and mouth (teeth) bar can be tail vein. Ten arterial blood samples (50 ptL) were drawn from the

© 2004 International Society for Neurochemistry, J. Neurochem. (2004) 89, 1206-1214
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from 0 to 6. Six of the 12 rats showed significant hypokinesia.
Three of the six had hindlimb paralyses and the motor score

was between 4 and 6. The other three rats had motor scores of
2-3. In the remaining group of rats, three did not show any
observable changes in locomotor activity (scored 0), whereas
the three others showed a slight slowness and occasional
uncoordinated gait (scored 1). The observations in motor
activity are similar to those published by Borlongan et aI.

Fig. 3 Regions of the interest were drawn on the coronal MR images 1997) and Guyot et ao. 1997). All the animals lost weight

(striatum = 1; cingulate = 2; S1/S2 cortex = 3) and then overlaid with

PET images. The PET data used for quantification was averaged from after 3-NP administrations. The animals with the strongest

the areas on the left and right side. response to 3-NP (behavioral score between 2 and 6) lost
24 ± 4% of their weight and the weight loss extended 4 days

tail artery starting 30 s after administration of radioactivity with an after the cessation of neurotoxicity. The maximum weight loss

increasing time interval for total of 20 min. Glucose level was in the other group was 12 ± 2%, and the weight loss stopped

determined before the administration of radioactivity. Dynamic the day after the cessation of 3-NP administrations. The

accumulation of radioactivity into the brain was acquired by PET for maximum weight loss between these two groups was
25 min at one brain level (10 mm anterior to the earbar). By that significant (p < 0.005, Student's t-test). Weight progression
time a steady-state level of radioactivity was achieved and in both groups was linear after the cessation of 3-NP; weight
sequential imaging of distribution of radioactivity was done by (t) = (1.08 + 0.04)t + 105 ± 2 (r = 0.981) in the non-de-
'step and shoot' mode over the whole brain using 1.25 or 2.5 mm fected group and weight (t) = (1.14 ± 0.04)t + 78 ± 2
steps with slice thickness of 1.3 mm. (r = 0.972) in the defected group. Even the rate of weight

After image reconstruction, PET images were overlaid with progression was higher in the defected group; the average
anatomical MR images for drawing regions of interest from weight never reached the weight level of the group with
striatum, cingulate, S1/S2 cortex and cerebellum (Fig. 3). Glucose wei nee recd the wg leve of the gr wit
utilization was calculated using a Sokoloff model (Sokoloff et al.
1977) extended by Phelps et al. (1979) using a value of 0.5 for the
lumped constant (Brownell et al. 1991). Data fitting to the model Glucose utilization
was done using SAAM II software package (Foster 1994) with The daily 18F-FDG imaging studies during 3-NP adminis-
convergence criterion of 1.Oe-6. tration period showed significant inter-animal variation of

glucose utilization in response to the acute toxin; similar to
Imaging studies of neurochemicals and anatomy motor activity. The rats that did not show any motor
MRI and MRS studies were conducted with a commercial GE symptoms developed enhanced glucose utilization in corti-
Omega 4.7 T system with a home-built, transmit/receive bird-cage cal areas with a maximum enhancement of 19-24% on the
design proton coil tuned to 200.17 MHz. At first, anatomical third day after starting the 3-NP administration. At the
imaging was done to outline the region of interest, of which
single voxel spectra were acquired. T2 weighted images cesstio n of 3-NP an, t glucos utliztio
(TR : TE = 3000 : 40 or 80) were acquired of the rat brain to
obtain 1.2 mm thick slices with in plane resolution of 0.16 mm. No significant changes in striatal glucose utilization were

These anatomical images were also used as base maps to overlay observed during that time (Fig. 4). The animals with
with PET images for selection of region of interest for data analyses. hindlimb paralyses developed extensive striatal lesions,
For single voxel spectra, voxels were located symmetrically over Table I shows the changes of glucose metabolism in four
the basal ganglia (6 x 3.5 x 3 mm3) and the motor cortex different brain areas (striatum, cingulate, S1/S2 cortex, and
(6 x 2 x 3 mm 3). Water suppression was provided for by CHESS cerebellum; Fig. 5) during and after 3-NP toxication in the
pulses and localization by a standard PRESS-type sequence (TR animals whose motor score was between 2 and 6. The
2000 ms; TE 68, 136 and 272 ms). Spectra were processed using the striatum was the most affected brain area and the cerebel-
NMR1 program (NMRI, Syracuse, NY, USA), by curve fitting the lum was the least affected one. The average decrease of
entire spectrum and integrating the areas of the major metabolites. glucose utilization in the striatuin at the end of 3-NP
Integrals were then normalized to the creatine/phosphocreatine peak gnuc tion w n 35% atd the e ofr3-iPat 3.03 p.p.m. (Cr) as a standard. injections was 35% and the development of the progressive

decrease started 1 day after the first 3-NP injection (Fig. 5).
On day 3, large lesions were clearly observable in several

Results slices, which cover the whole striatum. Interestingly,

glucose utilization continued to decrease until at least
Weight loss and behavior deficit 2 days after the cessation of 3-NP, after which a short
We found a significant inter-animal variation in acute period of recovery was observed, followed by a long-term
response of 3-NP toxication on locomotor activity. The motor degeneration. As an early response to 3-NP toxicity,
deficit score (Guyot et al. 1997; Ouary et al. 2000) varied cingulate and S1/S2 cortical areas showed minimal change
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•I •m'.lFig. 6 Postmortem histology conducted 2 days after the cessation of
3-NP administrations verifies the striatal lesion detected by decreased

•m~rr• [ i•glucose utilization using PET. Nissi stained whole brain coronal sec-
tion through the striatum at the level of the anterior commisure shows

Fig. 4 Coronal PET images of glucose utilization in a rat brain before extension of the neuronal damage. The magnification (x 200) shows
3-NP; 2nd, 3rd, and 4th day during 3-NP administration; and 2 days the level of damage.

after the cessation of 3-NP. The images show enhanced cortical
accumulation of 18F-FDG during the 3-NP administration and this rat

did not develop stratal lesions or motor symptoms. The slice thickness

is 1.3 mm and slice to slice distance 3.75 mm. Two hours after 3-NP toxicity, MRS showed elevated levels

of succinate, lactate and macromolecules (Figs 7 and 8).
During the following 150 min the increase rate of lactate/

macromolecules was 31 ± 9%/min; succinate 5.3 ± 0.5%!
min and choline 0.06 ± 0.01%/min (Fig. 7). These elevated

Before.3-a °_values, however, diminished within 4 weeks (Fig. 8), indi-

cating a reversible process. At this time, elevated striatal

choline and decreased NAA levels were observed, indicating

1, do,

IM r•A Lac

Sd 0.68 SucC
"Choline

0.4-

Fig. 5 An acute response of 3-NP toxicity in a rat that developed , 4
striatal lesions. Coronal slices of '8F-FDG accumulation before 3-NP 0.2 (D
and 2nd, 3rd and 4th day during 3-NP administrations show time-scale
of the development of lesions. This rat had significant behavioral T
deficit (score 5). The slice thickness and slice to slice distance is the o

same as above. 120 140 160 180 200 220 240 260 280

Time (min)

Fig. 7 Acute changes of neurochemicals in the striatum observed
or even small increase in glucose utilization (Table 1). immediately after the first injection of 3-NP (20 mg/kg i.p.). Increased
However, as a long-term response these areas also showed lactate and succinate can be observed 2 h after 3-NP injection
decreased glucose utilization. Figure 6 shows the histolog- accompanied with a slow increase in choline. The fast increased
ical validation of the neural loss, which correlates well with succinate (5.3 ± 0.5%/min) and lactate/macromolecule (31 ± 9%/min)

the decreased glucose utilization in the striatum 2 days after levels might be an indication of 3-NP-induced necrosis in the striatum.

the cessation of 3-NP. These fast processes were reversible, as shown in Fig. 8.
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and the progression of deficits measured by behavioral or
weight changes. Basic research in neuroscience typically
relies on in vitro experiments. The limitation of in vitro
studies is that they provide information at only the end point
when biological interactions created by surrounding tissues
and elements are no longer present. In vitro studies provide,
however, brief analyses of the isolated biological processes
with large amounts of data and high statistical accuracy (Fink
et al. 1996).

We divided animals into two groups depending on their
behavioral responses, weight loss and changes in glucose
utilization resulted of 3-NP toxicity. The animals with the
strongest response to 3-NP (behavioral score between 2 and 6)
lost about 24% of their weight and the weight loss extended
4 days after the cessation of neurotoxicity. The maximum
weight loss in the other group was 12%, and the weight loss
stopped the day after the cessation of 3-NP administrations.
The observations on motor activity were scored according to
the method developed by Guyot et al. (1997) and Ouary et al.
(2000) and the observations were similar to those published
by Borlongan et al. (1997) and Guyot et al. (1997).

We and others (Guyot et al. 1997; Brouillet et al. 1998;
Ouary et al. 2000; El Massioui et al. 2001) have observed
significant inter-animal variation in 3-NP-induced changes in

Fig. 8 Comparison of glucose utilization using PET, single voxel MRS motor activity (Borlongan et al. 1997; Guyot et al. 1997),
and T2 weighted MR and NAA-MRS images. One day after 3-NP, PET energy metabolism, as well as in the severity of lesions (Beal
studies showed decreased glucose utilization as large striatal lesions 1992, 1998; Beal et al. 1993).
and MRS showed enhanced succinate and lactate/macromolecules 1 19;e ay et a l. 1993).
peaks in striatum. At this time no changes were observable in NAA or
choline peaks. However, 4 weeks later succinate and lactate/macro- restriction could inhibit the effect of 3-NP neurotoxicity.
molecyle peaks disappeared, indicating that these peaks are related to However, a low glucose level alone, which could inhibit
acute neurotoxicity and reversible processes. At this time, decreased 3-NP neurotoxicity, is not enough to explain the inter-animal
NAA and increased choline peaks were observed and T2 weighted MR variation observed in these studies. During 3-NP adminis-
image showed similar lesions and enlarged ventricles, observed by tration, our animals were housed separately in metabolic
PET study of glucose utilization. Decreased NAA was also observed cages, fed in the same way and fasted from the night till the
as a lesion in NAA-MRS image. This animal had a motor score of 5. following morning for imaging studies of glucose metabo-

lism, which were conducted 2 h before 3-NP administration.
damage and a loss of neurons. These data represent animals Every other 3-NP administration was done in a fasted
with motor score = 4. condition, whereas the 3-NP administration in the evening

was done after feeding. This should minimize the possible
Discussion inter-animal difference induced by dietary patterns. It has

been also proposed that strain-dependent genetic aspects
3-Nitropropionic acid is an irreversible inhibitor of succinate might be part of these inter-animal variations of 3-NP-
dehydrogenase thereby resulting in cellular ATP depletion induced neurotoxicity (Ouary et al. 2000). Blum et al.
and an impairment of energy metabolism (Beal et al. 1993; (2001) reported that 3-NP-induced effects are highly variable
Guyot et al. 1997; Storgaard et al. 2000; Garcia et al. 2002). in the Spraque Dawley rat strain, but continuous subcuta-
3-NP can induce time-dependent two-way biological pro- neous administration of 3-NP produces in the Lewis rat strain
cesses (Lee et al. 2000; Dautry et al. 2000). Mapping these homogeneous clinical impairment and highly reproducible
different components may provide a means to examine the striatal lesions. Interestingly, rotenone toxicity shows similar
overall regulatory process involved in neurotoxicity. Newly inter-animal variation between strains (Betarbet et al. 2000).
developed high resolution in vivo imaging techniques enable Based on in vivo imaging studies, we propose that the
one to investigate multimodality processes simultaneously in variation of 3-NP-induced pathophysiological changes might
the natural biological environment, depend on the metabolic status of the mitochondrion and the

Longitudinal imaging studies in the same subjects allowed tolerance level of the neuron for neurotoxicity. The rats that
us to correlate parameters of in vivo physiological functions did not develop any behavioral symptoms or striatal lesions
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may have a high tolerance level for 3-NP neurotoxicity. (1993). The striatum is the most vulnerable brain region to
Interestingly, these animals developed enhanced cortical systemic intoxication of 3-NP (Brouillet et al. 1998). This
glucose utilization as an early response to 3-NP and this may be due to the cumulative impairment in energy
change was reversible. metabolism caused partially by 3-NP and dopamine

In vitro studies have demonstrated that 3-NP-induced cell toxicity (Reynolds et al. 1998; Johnson et al. 2000).
killing may have two different mechanisms: toxicity-induced However, because of the limited number of experimental
necrosis and apoptosis (Pang and Geddes 1997). The relation- animals, we cannot conclude from the animal survival
ship of these two mechanisms is dependent on the level of based on the behavioral score or severity of the lesion.
toxicity and ATP depletion (Pang and Geddes 1997). These Daily injections and imaging studies with anesthesia are
biological degenerative processes are different: necrosis is stressful for the animals and may cause unexpected fatal
characterized as the rapid swelling of cells and cell lyses recovery from the anesthesia.
(Wyllie et al. 1980; Cepeda et al. 1998), whereas in apoptosis, MRS studies of striatal neurochemicals correlate well with
cells are shrunken and cytoplasm and nucleus are fragmented those of glucose utilization. MRS studies showed reversible
in a slow long-lasting process requiring ATP (Wyllie et al. changes in succinate and lactate/macromolecules in affected
1984; Kim and Chan 2001). In addition to intracellular energy animals and progressively increasing choline and decreasing
metabolism, 3-NP-induced neurotoxicity is also dependent on NAA indicating progressive degeneration. These animals
glutamate (Fink et al. 1996) and dopamine concentration developed large lesions and progressively decreasing glucose
(Cepeda et al. 1998; Reynolds et al. 1998). utilization. The animals that did not develop lesions did not

Our studies show that 3-NP launched development of show succinate or lactate peaks.
neurotoxicity is a rapid process and happens in hours. It is To enhance the accuracy in the data analyses, the regions
possible to record this in real time with MRS of neurochem- of interest were drawn based on the anatomical MR images
icals (Fig. 7) and PET imaging studies of glucose utilization overlaid with PET images, and the same areas of interest
(Fig. 5). We observed a 31 ± 9%/min increase rate of lactate/ were used in longitudinal studies to partially eliminate the
macromolecule level during 150 min follow-up time 2 h effects of partial volume. In addition, the size of the selected
after injection of the first dose of 3-NP. Similarly we regions of interest was larger than 2.3 mm, which signifi-
observed a 5.3 + 0.5%/min increase rate in succinate level. cantly minimizes partial volume effects, since the size of the
Thus our results agree with the data reported by Lee et al. object should be at least two times the resolution element
(2000) that succinate was rapidly observable in MRS, (Brownell et al. 1991), which in our instrument is 1.16 nmm.
minutes after the injection of 3-NP. In addition, the early These multimodality longitudinal imaging techniques
increases of succinate and lactate/macromolecule levels were provide a powerful tool to investigate the progression of
indicative for the development of large striatal lesions. On pathophysiological processes and assess therapeutic approa-
the third day of 3-NP injections a significant decrease in ches in small animal models.
striatal glucose utilization was observable with similar
decrease in cortical areas. Already in the first day after Acknowledgments
3-NP administration it was possible to separate animals that
developed lesions based on changes in glucose utilization. We wish to thank cyclotron operators William Buckelewitz and
The animals that develop lesions had decreased levels of David Lee and Dr Steve Dragotakis for synthesis of 18F-FDG and
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